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INTRODUCTION

Somatostatin (SST) a naturally occurring regulatory peptide is produced in neural, endocrine,
and immune cells, and exerts potent effects on many different tissue targets (1). The cellular actions
of SST include the inhibition of secretion of hormones and growth factors as well as modulation of
neurotransmission and cell proliferation and are mediated by a family of 7 transmembrane domain
G protein coupled receptors with five distinct subtypes (SSTR1-5) that are encoded by separate
genes located on five different chromosomes (1,2). The five receptor subtypes bind the natural SST
peptides SST-14 and SST-28 with high affinity. Short synthetic octapeptide analogs such as
octreotide which is used clinically, bind well to only three of the subtypes SSTR2,3,5 (1,2).
Nonpeptide agonists that bind selectively to single subtypes have recently been identified (3). In
contrast to the antisecretory properties of SST, its antiproliferative effects were relatively late in
being recognized and came about largely through use of the longacting analog octreotide in the early
1980's for the treatment of hormone hypersecretion from pancreatic, intestinal, and pituitary tumors
(4,5). It was noted that SST not only blocked hormone hypersecretion from these tumors but also
caused variable tumor shrinkage through an additional antiproliferative effect. The antiproliferative
effects of SST have since been demonstrated in normal dividing cells, e.g. intestinal mucosal cells,
activated lymphocytes, and inflammatory cells as well as in vivo in solid tumors, e.g. DMBA-
induced or transplanted rat mammary carcinomas, and cultured cells derived from both endocrine
and epithelial tumors (pituitary, thyroid, breast, prostate, colon, pancreas, lung, and brain) (1). These
effects involve cytostatic (growth arrest) and cytotoxic (apoptotic) actions and are mediated (i)
directly by SSTRs present on tumor cells, and (ii) indirectly via SSTRs present on nontumor cell
targets to inhibit the secretion of hormones and growth factors that promote tumor growth and to
inhibit angiogenesis, promote vasoconstriction, and modulate immune cell function (1, 6-8). All five
SSTR subtypes acting via several different signal transduction pathways have been implicated. Most
interest is focused on protein phosphatases (PTP) that dephosphorylate receptor tyrosine kinases or
that modulate the MAPK signalling cascade, thereby attenuating mitogenic signal transduction (1).
A SST-sensitive PTP was first described in 1985 in human pancreatic cancer cells and has since been
demonstrated in normal pancreatic acinar cells, human coronary smooth muscle cells, human breast
and prostate cancer cells, and rat pancreatic and thyroid tumor cells (1, 9). All five SSTR subtypes
have been shown to stimulate PTP activity in various transfected cells (1). SSTR-induced activation
of PTP is sensitive to pertussis toxin and orthovanadate (10). The PTP activity associated with SST
action has been attributed to the SH2 domain containing cytosolic PTPs whose members include
SHP-1 (SHPTP1/PTP1C) and SHP-2 (SHPTP2/PTP1D/syp) (11). SHP-1 is known to
dephosphorylate and inactivate both receptor tyrosine kinases and nonreceptor tyrosine kinases, €.g.
jak-2. Direct evidence has shown an important role of SHP1 in SSTR-mediated PTP activation and
antiproliferative signalling (1,12). Like PTP, all of the SSTRs have been shown to modulate the
MAPK pathway, either positively or negatively, in a PTP-dependent manner to effect cell growth
inhibition (1). The precise steps linking the ligand activated receptor to PTP stimulation and
mitogenic signalling remain to be determined. Four of the receptors (SSTR1,2,4,5) induce cell cycle
arrest via PTP-dependent modulation of MAPK, associated with induction of the retinoblastoma
tumor suppressor protein (Rb) and p21 (1, 7). The maximal effect is exerted by SSTRS followed
by SSTR2, 4, and 1. In contrast, SSTR3 uniquely triggers PTP-dependent apoptosis accompanied
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by activation of p53 and the pro-apoptotic protein Bax (6, 13). SSTR3 induced apoptotic signalling
requires molecular signals in the receptor cytoplasmic tail (C-tail), and involves the activation of a
cation insensitive acidic endonuclease and caspase-8-mediated intracellular acidification (14-16).
Likewise, C-tail truncation mutants of hSSTR5 display progressive loss of antiproliferation
indicating that the molecular signals for cytostatic signalling also reside in the receptor C-tail (Task
14, this report).

Major strides have been made over the last four years in our laboratory and elsewhere
towards understanding the subtype-selectivity and signalling mechanisms underlying the
antiproliferative actions of SST. Despite this experimental success, SST analogs such as octreotide
(which bind SSTR2,3,5 but not SSTR1 and 4) have so far produced variable clinical effects on tumor
growth due to a number of reasons such as patient selection (e.g. early vs end stage disease), the
absence of appropriate SSTRs in the tumors being treated (e.g. tumors expressing SSTR1 and
SSTR4 will not respond to octreotide; SSTR3 expression is required for inducing apoptosis), the
presence of mutated p53 gene which abbrogates the apoptotic effect of SST, and the dose and
duration of treatment. Future work will need to address these issues to optimize the oncological
utility of SST compounds.

LONGTERM OBJECTIVES

The longterm goal of this four-year proposal was to elicit the pattern of expression of the
five individual SSTR subtypes in breast tumor, to determine whether their pattern of
expression can provide an independent prognostic marker, and whether the SSTRs are
modulated by estrogens and anti-estrogens. In addition, we set out to determine the subtype
selectivity for the antiproliferative effects of SST as well as the role of PTP, pS3, and other
downstream effectors in mediating the cytostatic and cytotoxic effects of SST.

Whilst our broad objectives remained unchanged from those proposed in the original
application, we made a number of directional changes as a result of new leads from our own work
or from other laboratories in the field. These were discussed in detail on page 7 of the year 3 Annual
Report and resulted in three new tasks that were included for the final year. A list of the 12
originally proposed tasks and the three new tasks is shown below. Specific tasks (new and ongoing)
for year 4 are marked by an asterisk and described in detail. Progress on the remaining tasks has
been described fully in previous reports and only the main findings are recapitulated here for
completion.




DETAILS OF PROGRESS
LIST OF SPECIFIC TASKS PROPOSED IN THE ORIGINAL APPLICATION

1) RT-PCR analysis of SSTR1-5 mRNA expression in human breast tumors.
2)  In situ hybridization analysis of SSTR1-5 mRNA in human breast tumors.

* 3) Immunocytochemical analysis of SSTR1-5 in human breast tumors.

4)  Analysis of SSTR expression in breast tumor cell lines.

5)  Antireceptor blockade experiments with SSTR1-5 antisera.

6) Antisense knockout of SSTR1-5.

7) Regulation of SSTR1-5 by estrogens/tamoxifen.

8) Correlation between SSTR subtype selective binding, PTP activation and growth

inhibition.

9)  SSR subtype selectivity for PTP association.

10) Subtype selectivity for SSTR induced apoptosis.

11) Involvement of PTP in apoptosis.

12) Overexpression and antisense blockade of SSTRs for effects on apoptosis.

*¥ ¥ ¥ ¥

NEW TASKS PROPOSED FOR YEAR 4 IN REVISED SOW

13) Mutational analysis of the C-tail of hSSTR3.
14) Mutational analysis of the C-tail of hNSSTRS.
* 15) Completion of studies of cAMP effects on SSTR mediated apoptosis.

TASK 1. Expression of SSTR1-5S mRNA in Human Breast Tumor Tissue

The expression of SSTR1-5 mRNA was analysed by semiquantitative RT-PCR in frozen slices
of primary human breast tumor tissue. 90 samples were analysed in year 1, 50 in year 2, and 50 in
year 30. The level of SSTR subtype expression was correlated with tumor histology and estrogen
(ER) and progesterone (PR) receptor levels. All tumors expressed at least one SSTR subtype and
frequently featured more than one SSTR isoform. The prevalence of the five SSTRs was 91%
(SSTR1), 96% (SSTR2), 98% (SSTR3), 76% (SSTR4), and 54% (SSTRS) (Fig. 1). Statistical
analysis showed a strong positive correlation between SSTR3 expression and tumor grade.
Induction of SSTR3 in high grade tumors occurred differentially at the expense of the other subtypes
(SSTRI1, 2, 4) and may represent a response to increasing malignancy, perhaps as a compensatory
mechanism to regulate proliferative activity through apoptosis. Expression of SSTR1, 2, and 4
correlated strongly with ER levels and SSTR2 expression additionally correlated positively with PR
levels.

This task is now completed and has been described in detail in the Annual Reports of years 1,
2,and 3.




TASK 2. In Situ Hybridization Analysis

This task was cancelled as explained in the year 2 Annual Report and substituted with the more
specific receptor immunocytochemistry technique due to the successful development of a panel of
polyclonal antireceptor antibodies against each of the five human receptor subtypes.

*TASK 3. Immunocytochemical Analysis of SSTR1-5 in Tumor Samples

Our objective with this task is to (i) correlate SSTR1-5 mRNA expression as determined by
RT-PCR with receptor protein expression by immunocytochemistry in a subset of human breast
tumor samples, and (ii) to determine the cellular pattern of expression of SSTR1-5 in tumor cells and
peritumoral structures. The results of 16 tumors analysed in a blinded fashion for SSTR1-5
expression by immunocytochemistry by a breast tumor pathologist (Dr. P. Watson, University of
Manitoba) were described in last year’s report. We found the histological preservation in these
Tumor Bank cryosections less than optimal compared to regular fixed breast tumor sections cut from
paraffin blocks. Nonetheless, there was good concordance between mRNA and protein expression
of 69% (SSTR1), 69% (SSTR2), 50% (SSTR3), 56% (SSTR4), and 50% (SSTRS) in this first batch.
We have now analysed a further 19 samples by immunocytochemistry with the help of in-house
pathologists to optimize the reading and interpretation of the histology. These results are presented
in Tables 1 and 2 and show very good correlation between the presence of mRNA and receptor
protein with a % match of 84% for SSTR1, 79% for SSTR2, 89% for SSTR3, 68% for SSTR4, 68%
for SSTRS5, and 78% for all five receptors. We found receptor immunoreactivity variably localized
both in tumor cells as well as in surrounding peritumoral structures especially blood vessels
(endothelial and smooth muscle cells), immune cells, and to a lesser extent stromal cells. This task
is now completed with the important outcome that SSTR immunocytochemistry using a panel of
antipeptide receptor antibodies such as that developed by us can be applied for routine analysis of
SSTR subtype expression in surgical samples of breast tumor tissue.

TASK 4. Analysis of SSTR1-5 Expression in Breast Tumor Cell Lines

This task was completed and described in detail in the year 2 Annual Report (1998). In
summary, RT-PCR analysis was employed for characterizing SSTR1-5 mRNA expression in ER*
(MCF-7, T47D, ZR75-1) and ER- (MB231) human breast cancer cell lines. Like solid tumors, the
cell lines expressed multiple SSTR subtypes but with no obvious distinction between ER" and ER°
cell lines. There were, however, interesting differences in that the overall level of SSTR expression
in cell lines was less than that in the solid tumors. For instance SSTR3 was well expressed in the
solid tumors but relatively poorly expressed in cell lines. SSTRS, a weak subtype in solid tumors,
was relatively better expressed in the cell lines. A likely explanation for the difference is the
probable induction of SSTR expression in solid tumors by circulating hormones or locally by
growth factors, cytokines, and other mediators produced from peritumoral structures, e.g. stroma,
blood vessels, and immune cells. These results confirm the well known differences between tumor
cells in vivo and in vitro and indicate that in the case of SSTRs, the various breast cancer cell lines,
although useful for studying SSTR biology, do not necessarily reflect endogenous tumor SSTR




expression and function.

*TASKS 5 & 6. Antireceptor Blockade of SSTR1-5 and Antisense Knockout of SSTR1-5

These two tasks share a common objective and are discussed together. The experimental
protocols and results obtained so far with the antisense experiments have been described in detail
in the year 3 Annual Report. We originally proposed these experiments to identify SSTR subtype(s)
mediating the antiproliferative effect of SST. Early in our studies, however, (year 1) we were able
to establish that all five SSTRs negatively regulated cell growth when studied as monotransfectants
in CHO-K1 cells (6). SSTR3 uniquely induced apoptosis whereas the other four subtypes produced
variable degrees of cell cycle arrest (SSTRS >2 >4 > 1). As aresult of this finding, we focused on
signalling mechanisms and concentrated our work on subtype-specific antiproliferative responses
mediated by the two key subtypes, SSTR3 and SSTRS. The antisense experiments helped to confirm
and extend the results obtained with recombinant SSTRs individually expressed in CHO-K1 cells,
to endogenous SSTRs in breast cancer cell lines expressing multiple receptor isoforms. These
experiments were technically demanding and were optimized for MCF-7 cells which had a sturdy
growth pattern, and expressed four of the SSTR subtypes, SSTR1 (+++), SSTR2 (+), SSTR3 (+/-),
and SSTRS (+++) whose relative abundance was determined by semiquantitative RT-PCR analysis
of mRNA and of receptor protein by immunocytochemistry. SSTR4 (a weak antiproliferative
subtype in CHO-K1 cells) was not expressed in MCF-7 cells and was, therefore, not studied by
antisense targetting. Cells were grown in coverslips and treated for 4 days with phosphorothioate
modified antisense oligonucleotides (ODNs) or control sense ODNs. The experimental conditions
have been described fully in the year 3 Annual Report. Based on published ir vifro antisense
experiments to knockout the SST gene in cultured lymphocytes, we started with ODN concentrations
of 25 pg/ml which were extremely toxic to MCF-7 cells (17). An optimal ODN concentration of
2-3.5 pg/ml was determined. Four days of treatment with antisense ODN to SSTR1,2,3,5 resulted
in a marked decrease in expression of the corresponding SSTR protein as determined by
immunocytochemistry (Fig. 2). The decrease was specific and was not seen in sense ODN exposed
cells. The total number of cells in each coverslip was analysed by cell count. The results of the first
set of experiments were presented in Fig. 1 of last year’s (1999) Annual Report. We have repeated
and extended these results which show a significant increase in the proliferative activity of cells
treated with antisense ODNs to SSTR3 and SSTR5 compared to sense ODNs. Blockade of SSTR1
and SSTR2 produced small 21% and 13% increases in cell growth compared to control but these
differences failed to reach statistical significance. Following 4 days of incubation with antisense
ODNs to SSTR1 and SSTR2, treatment with 1 pm SST-14 produced 25-37% decrease in cell
numbers comparable to the results obtained with sense ODN treatment. On the other hand, four days
of antisense treatment with SSTR3 and SSTRS5 ODNs markedly attenuated the ability of SST (1 pm)
to inhibit cell growth (12-15% reduction in cell numbers compared to 35-43% in sense ODN treated
controls). These results in MCF-7 cells confirm the relatively high potency of SSTR3 and SSTRS
in inducing antiproliferation that we also found in transfected CHO-K1 cells. The pronounced
SSTR3 effect in these cells is interesting given the relatively low level expression of this receptor
mRNA in these cells. There is little doubt, however, that these cells express functional SSTR3
receptors as shown in recent studies (described in task 10) with the SSTR3-selective nonpeptide
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agonist L-796778 which induces apoptosis in MCF-7 cells. With the availability of subtype-
selective agonists like L-796778 for each of the five receptors, we decided not to duplicate the
antisense experiments with immunoblockade studies of each receptor for subtype-selective
antiproliferative effects and instead substituted these experiments with studies of the effects of these
analogs on cell proliferation and apoptosis in MCF-7 cells (described in task 10). This decision was
also influenced by two other developments (i) the realization that our panel of SSTR antibodies were
of variable quality and were not all equally effective in blocking individual receptor function, and
(ii) a major observation from our laboratory showing that members of the SSTR family interact on
the membrane to form novel heterodimeric receptor complexes with binding and signalling
properties distinct from those of the individual receptor monomers. This discovery prompted a new
set of experiments to check whether receptors other than the SSTR3 subtype could induce apoptosis
by forming heterodimers with SSTR3 (described in task 10).

TASK 7. Regulation of SSTR1-5 by Estrogens/Tamoxifen

The effect of estradiol and tamoxifen on SSTR1-5 mRNA expression was characterized in
MCF-7 cells and described in detail in our last annual (1999) report. The essential findings consisted
of the demonstration of a dose-dependent stimulation by estradiol of SSTR1 mRNA from 1010
M with inhibition at higher (10”7 M) concentration. Estrogen also stimulated SSTRS mRNA at 1072-
107 M with a biphasic dose response curve but was without effect on SSTR3 and SSTR2. SSTR4
was not detectable in this cell line either in the basal state or following estrogen treatment. The
effects of tamoxifen revealed dose-dependent biphasic response with SSTR1 and SSTRS mRNA,
low doses (10"2 M) being inhibitory and higher doses (10°-107 M) being stimulatory. SSTR3 and
SSTR2 mRNA also showed small but distinct increases in mRNA levels at high tamoxifen
concentrations. These are mainly descriptive and time consuming studies showing complex subtype-
selective effects of both estrogens and tamoxifen on SSTR mRNA expression. Because of this, we
have decided not to pursue these effects in other tumor cell lines as originally proposed.

TASK 8. Correlation Between SSTR Subtype Selective Binding, PTP Activation, and
Growth Inhibition

This task was almost completed as described in the year 3 Annual Report. In summary, we
have reported in two successive Molecular Endocrinology papers (6, 7) that negative growth
regulation by SST is SSTR subtype specific and triggers cell cycle arrest predominantly via SSTRS
(and to a lesser extent SSTR2, SSTR4, and SSTR1) or apoptosis uniquely through the SSTR3
subtype. We showed that SSTR3 mediated apoptosis is associated with induction of p53 and Bax
whereas cytostatic signalling is accompanied by induction of Rb and p21. We also established that
both cytostatic and cytotoxic effects are mediated via PTP and that the divergence of subtype
selective cytostatic and cytotoxic signalling occurs distal to the regulation of PTP. As offshoots of
these observations, we proposed two new tasks to characterize by mutagenesis the role of the
cytoplasmic C-tail domain of hSSTR5 and hSSTR3 in cytostatic and cytotoxic signalling
respectively. In the case of hSSTR5 we have already reported that C-tail truncation mutants display
progressive loss of antiproliferative signalling proportional to the length of deletion as reflected by
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the marked decrease in the effects of SST on membrane translocation of cytosolic PTP and induction
of Rb and Gi arrest (7). The mutational analysis was extended to point mutations and are described
in Task 14. In the case of hSSTR3, C-tail deletion mutants and chimeric receptors were created and
characterized for antiproliferative effects and are described under Task 13. The remaining new lead
from this task that we mentioned in the last Annual Report was to look at the effects of the
nonpeptide receptor monoselective analogs of SST for subtype-selective antiproliferative signalling
in MCF-7 cells which we have completed as described in Task 10.

*TASKS 9 & 11. SSTR Subtype Selectivity For PTP Association and Involvement of PTP in
Apoptosis and Cell Growth Arrest

Based on our finding that SHP-1 is the PTP involved in mediating the antiproliferative action
of SST in tumor cells, we embarked on studies to characterize the effect of ectopic expression of
SHP-1 or its catalytically inactive mutant (SHP-1C455S) in CHO-K1 cells expressing hSSTR3 or
hSSTRS.

(A) Elucidation of the Role of SHP-1 in hSSTR3 Signaled Apoptosis

We showed that stable ectopic expression of wild type SHP-1 and hSSTR3 in CHO-K1 cells
amplified the apoptotic effect of SST (Fig. 3). Conversely, hSSTR3-mediated cytotoxic
signalling was totally abolished by ectopically expressed catalytically inactive SHP-1 (Fig. 3).
These effects were established by the SHP-1 dependency of SST-induced apoptosis (Fig. 3),
intracellular acidification (Fig. 4), and decrease in mitochondrial membrane potential (Fig. 5).
Additionally, we have delineated the temporal sequence of events linking caspase activation,
acidification, and mitochondrial dysfunction during hSSTR3 initiated cytotoxic signalling.
SHP-1-mediated activation of caspase-8 is required for SST-induced decrease in pH; whereas
caspase-3 is induced only when there is acidification (Fig. 6). Treatment of hSSTR3
expressing CHO-K1 cells with SST results in a decrease in pH; which is also necessary for the
reduction in mitochondrial membrane potential (Fig. 7). These data from SSTR3 transfected
CHO-K1 cells extend our published findings in MCF-7 cells (16) that SHP-1 and caspase-8-
mediated acidification occurs at a site other than the mitochondrion and that disruption of
mitochondrial function leading to release of cytochrome C and activation of caspase-9 merely
plays an amplifying role in SST-induced apoptosis.

(B) Elucidation of the Role of SHP-1 in hSSTR5 Mediated Cell Growth Arrest
We have previously reported that the cytostatic action of SST mediated via hSSTRS is
prevented by inhibition of PTP activity (7). In ongoing studies, we have demonstrated that
such signalling is SHP-1-dependent in that it is amplified by ectopic expression of this enzyme
and abrogated by SHP-1C455S (Fig. 8). Specifically, we observed that the induction of Rb
increased 3.5 fold in SHP-1 transfected CHO-K1-hSSTRS cells following exposure of the cells
to 100 nM D-Trp® SST for 4 h compared to a 2.2 fold increase in mock transfected cells.
Although the maximal response was similar in both cells, as expected it occurred faster in
SHP-1 overexpressing cells (12 h vs 24 h in control cells) presumably reflecting the finite
nature of this response. Inactivation of SHP-1 with the catalytically inactive mutant, abolished
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SST mediated induction of Rb.

The observation that hSSTR3-signalled apoptosis as well as hSSTRS-mediated inhibition of
cell cycle progression are both SHP-1-dependent suggests that subtype-selective diversity of
antiproliferative signalling occurs distal to SHP-1 and underscores the importance of the need
to elucidate the subtype-selective signalling mechanisms that are differentially coupled to
SHP-1.

*TASK 10. Subtype Selectivity For SSTR-Induced Apoptosis

This task was completed with our report in Molecular Endocrinology that SSTR3 is the sole
subtype which induces apoptosis (6). Nonetheless, we went beyond this observation to dissect out
the sequence of molecular events involved in SSTR apoptotic signalling and demonstrated that SHP-
1-/caspase-8-mediated acidification occurs at a site other than the mitochondrion and that SST-
induced apoptosis is not dependent on disruption of mitochondrial function and caspase-9 activation
(reported in J. Biol. Chem.) (16). With our finding that SSTRs form functional heterodimers with
members of the receptor family, we have now expanded the model of hSSTR3 induced apoptosis
to include other receptor subtypes (18,19). Although SSTR3 is the only subtype that induces
apoptosis when studied as a monotransfectant, this situation is very different to breast cancer cells
which typically coexpress SSTR3 with several other subtypes (reviewed in Task 1 and Fig. 1). This
is not a property of tumor cells since normal cells such as islet, pituitary, immune cells, and brain
neurons also express multiple SSTR subtypes (1). All of the SSTRs, however, bind the natural SST
ligands, SST-14 and SST-28, with comparable low nanomolar affinity, and all five receptors also
share common signalling pathways such as the ability to inhibit adenylyl cyclase and to activate
PTP, raising the question of whether multiple SSTRs in the same cell are redundant, or whether they
interact for greater functional diversity (1, 18). We addressed this question using hSSTRS and
hSSTR1 as models and showed that SSTRs assemble as functional homo- and heterodimers
(experimental details in J. Biol. Chem., ref. 18). Homodimerization was shown in the case of
hSSTRS by functional complementation of two partially active mutants, a binding-deficient mutant
of the second extracellular loop, and a binding-competent signalling-deficient C-tail deletion mutant
(A C-tail h\SSTRS). Coexpression of the two receptors rescued the loss of adenylyl cyclase coupling
by A C-tail hSSTRS5, suggesting that the binding-competent mutant associates with and signals
through the C-tail of the binding-deficient mutant. Similar rescue of the loss of adenylyl cyclase
coupling of A C-tail hSSTRS by cotransfection with wild type hSSTR1 provided evidence of
hSSTR5/hSSTR1 heterodimerization. Dimeric association altered SSTR functions such as ligand
binding affinity and agonist-dependent receptor internalization and upregulation. Direct physical
evidence for the association of SSTRs in intact cells was obtained by photobleaching fluorescence
resonance energy transfer (pbFRET) microscopy. pbFRET analysis was applied to hSSTRS
expressed in CHO-K 1 cells and showed that this receptor exists as a monomer in the basal state but
undergoes dose-dependent increase in dimerization when treated with SST-14 (107'°-10° M)
suggesting that dimerization is induced by agonist binding. Having demonstrated that SSTRs form
functional heterodimers with other family members, we wondered whether SSTRs other than SSTR3
could induce apoptosis through heterodimerization with SSTR3. This hypothesis was tested in
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MCF-7 cells. Cells were treated for 48 h with 10°-107 M concentrations of subtype-selective
nonpeptide agonists of SSTR1-5 described by Rohrer et al (3) and obtained through courtesy of
Merck Laboratories, Rahway, New Jersey. These are organic compounds with the following
characteristics: L-797591, L-779976, and L-803087 display low nanomolar affinity (expressed as
Ki) for hSSTR1 (Ki 1.4 nM), hSSTR2 (Ki 0.05 nM), and hSSTR4 (Ki 0.7 nM) representing 120,
6200, and 285-fold selectivity respectively for these subtypes. L-796778 binds to hSSTR3 with Ki
24 nM representing 50-fold selectivity and L-817818 displays selectivity for two of the subtypes
hSSTRS and hSSTR1 (Ki 0.4 and 3.3 nM respectively). The compounds were dissolved in DMSO,
diluted in culture medium and were well tolerated by the cells. Control experiments were carried
out using our panel of stable CHO-K1 cells individually transfected with hSSTR1-5. Cells
undergoing apoptosis were identified morphologically by staining with the dye HOECHST 33342
and TUNEL assays which detect chromatin condensation and nuclear shrinkage (HOECHST) and
in situ DNA fragmentation (TUNEL) (20, 21). Fig. 9 shows the effect of the subtype selective SSTR
agonists on induction of apoptosis as assessed by TUNEL Assay in CHO-K1 cells separately
expressing SSTR1-5. Apoptosis occurred only in the SSTR3 monotransfectants confirming the
unique cytotoxic property of this subtype. In contrast to the CHO-K1 cell monotransfectants, when
MCF-7 cells were treated with the same subtype-selective SSTR agonists, apoptosis occurred
through activation of multiple subtypes (Fig. 10). Thus, in addition to the SSTR3 agonist, agonists
for SSTR1,2, and 5 also induced apoptosis (Fig. 10). TUNEL assays showed 23%, 22%, 19%, and
18% of apoptotic cells at 48 h following treatment with 100 nM agonist, comparable to the number
obtained with SST-14 or to the SSTR1 selective peptide agonist SCH-275. As expected, the SSTR4-
selective agonist was without effect, consistent with the known absence of this subtype in MCF-7
cells (Fig. 10). In summary, therefore, when SSTR1-5 are studied individually as monotransfectants,
only SSTR3 induces apoptosis. In MCF-7 cells which coexpress SSTR1,2,3,5, however, treatment
with selective agonists induces apoptosis via all four SSTRs. In light of our finding that SSTRs can
interact through heterodimerization, the differential ability of SSTR1,2,5 to induce apoptosis when
coexpressed with SSTR3 but not when expressed alone, suggests that SSTR3 is an obligatory
subtype for SST-induced apoptosis, but that other SSTR subtypes can also induce apoptosis when
coexpressed with SSTR3, likely through formation of SSTR3 heterodimers. These are exciting
results which we will develop further with renewed funding.

*TASK 12. Overexpression and Antisense Blockade of SSTRs For Effects on Apoptosis

This task became somewhat simplistic with our finding that SSTR3 is the sole receptor that
signals SST-dependent apoptosis. It was essentially completed as described in our last Annual
Report (1999) and led to a major new task to analyse by mutagenesis the role of the C-tail of
hSSTR3 in apoptotic signalling, a study that we have now completed as described under task 13.
Additionally, we have carried out new studies describing the induction of apoptosis by several SSTR
subtypes through the formation of putative heterodimers with SSTR3 described under Task 10.
Antisense experiments to further establish the primacy of SSTR3 in mediating SST-induced
apoptosis were carried out as an extension of the antisense knockout experiments in Task 6 using
MCEF-7 cells as amodel. Cells were treated with antisense or sense ODNs for 4 days followed by
treatment with SST (1 um) for 24 and 48 h. Cells were fixed, permeabilized, and analysed for
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apoptotic cells by HOECHST and TUNEL assays. Following treatment of MCF-7 cells with ODNs
to SSTR1 and SSTR2 to inactivate these two receptor subtypes, the subsequent exposure to SST
resulted in 25% and 40% apoptotic cells at 24 h and 48 h respectively comparable to the apoptotic
index in control sense ODN treated cells, as well as cells maintained in normal culture medium.
Treatment with SST after antisense blockade of SSTRS produced a small but not significant 5-10%
decrease in the number of apoptotic cells. Treatment with SST following antisense blockade of
SSTR3, however, reduced the percentage of apoptotic cells from 23% to 10% at 24 h and from 40%
to 15% at 48 h providing further evidence for a selective effect of SSTR3 in mediating SST-induced
apoptosis. Complementary evidence based on the effects of overexpressing SSTR3 was obtained
in HEK cells transfected with hSSTR3 to give receptor expression of 1200 fmol/mg protein.
Compared to control nontransfected HEK cells which showed a 2.6 fold increase in viable cells at
6 days of culture (assessed by the MTT assay) (22), cells overexpressing hSSTR3 displayed 20%
decrease in proliferative activity over the same time interval. TUNEL assays confirmed apoptosis
as the mechanism for the reduced proliferative activity of these cells in the absence of SST ligand.
Apoptotic cells were detected early during culture and occurred at a steady 10-15% level during the
6 days of culture. This means that constitutive activation of SSTR3 induced by receptor
overexpression triggers apoptosis. Our attempts to study the antiproliferative effect of hSSTRS
through overexpression were unsuccessful because despite several transfections, we failed to produce
a stable HEK cell line overexpressing this subtype.

*TASK 13. Mutational Analysis of The C-Tail of hSSTR3

To characterize the structural determinants of SSTR3-dependent apoptosis, we conducted
mutational analysis of the role of the cytoplasmic C-tail of hSSTR3 in inducing apoptosis, with the
following mutants (Fig. 11): (i) deletion of the C-tail of hSSTR3; (ii) introduction of a cysteine
residue 12 amino acids downstream from the 7% transmembrane domain to create a putative
palmitoylation anchor. hSSTR3 is the only SSTR whose C-tail does not possess a palmitoylation
site for anchoring the proximal C-tail to the membrane, shown in other receptor subtypes to be
important in receptor function (1, 23). (iii) chimeric hRSSTR3/hSSTRS receptors substituting the C-
tail of hSSTR3 with that of hSSTRS5 and the C-tail of hSSTRS with that of hSSTR3. Mutant and
chimeric receptors were constructed by the PCR overlap extension technique and purified by
sequencing (24). Wild type, mutant, and chimeric receptors were stably expressed in HEK293 cells
to achieve comparable levels of expression (Fig. 12). The binding affinity (Kp) and capacity (Bmax)
of the mutant receptors was similar to that of wild type receptors, and like wild type receptors the
mutant receptors were all functionally coupled to inhibition of adenylyl cyclase measured as dose-
dependent inhibition of forskolin-stimulated cAMP by SST-14 (Fig. 12). The number of viable cells
were analysed by MTT assay, and cells undergoing apoptosis were monitored by TUNEL and
HOECHST assays. Compared to nontransfected HEK cells, wild type hSSTR3 cells treated with
SST-14 (100 nM) showed 59% inhibition of cell growth at day 4 (Fig. 13). The palmitoylation
mutant showed reduced ability to inhibit SST-14 induced cell growth, down to 48% whereas the C-
tail deletion mutant displayed virtually complete loss of antiproliferation. The two chimeric
receptors retained full ability to inhibit cell growth. To determine the contribution of apoptosis to
the antiproliferative effect of SST-14, cells were analysed by HOECHST and TUNEL assays at day
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2. Quantitative data for TUNEL assays are presented in Fig. 14. Compared to 28% apoptosis shown
by wild type hSSTR3, the palmitoylation mutant displayed reduced 16% apoptosis. Deletion of the
hSSTR3 C-tail abolished apoptosis and likewise substitution of the hSSTR3 C-tail with that of
hSSTR5 markedly attenuated apoptosis. On the other hand, substitution of the C-tail of hRSSTRS,
a nonapoptotic subtype with that of hSSTR3 resulted in gain of apoptotic function by hSSTRS,
with a potent response comparable to that of wild type hSSTR3. Representative HOECHST and
TUNEL stained cells from this experiment are depicted in Fig. 15 and show nuclear shrinkage and
in situ DNA fragmentation which was more pronounced in the case of wild type hSSTR3 and the
hSSTR3 C-tail/SSTRS chimera. Although both chimeric receptors exerted comparable cell growth
inhibition, the underlying mechanisms are different involving apoptosis only in the case of the
SSTR3 C-tail substituting chimera, and presumably cytostasis in the case of the reverse chimera.
Finally, the dissociated effect of some of the mutants on G protein coupled adenylyl cyclase
inhibition (Fig. 12) and induction of apoptosis (Fig. 14) indicates a specific functional role of the
hSSTR3 C-tail in triggering cytotoxic signalling through direct protein-protein interaction. The
finding that deletion of the C-tail of SSTR3 abrogates SSTR3-induced apoptosis whereas
substitution of the C-tail of SSTRS with that of SSTR3 confers apoptosis in the chimeric receptor
clearly suggests that apoptotic signalling by SSTR3 is dependent on molecular signals in the receptor
C-tail. Identification of these regulatory sequences and the intracellular proteins that interact with
them to initiate the apoptotic signalling cascade will be pursued through renewed funding.

*TASK 14. Mutational Analysis of the C-Tail of hSSTRS

In this set of experiments, we aimed to identify the structural determinants within the C-tail
of hSSTRS that regulate subtype-selective antiproliferative signalling. Following our initial
documentation that cell growth inhibition leading to apoptosis occurs uniquely via hSSTR3 (6), we
reported subsequently that negative regulation of cell growth by hSSTRS leads to cell cycle arrest
but not apoptosis (7). hSSTRS mediated antiproliferative signalling leads to the induction of Rb and
the cyclin-dependent kinase inhibitor p21 followed by Gi cell cycle arrest. Western blot analysis of
hSSTRS expressing CHO-K1 cells treated with octreotide revealed an increase in the
hypophosphorylated form of Rb (7). Since phosphorylation of Rb is required for cell cycle exit from
Gi to S, these findings suggest that SST regulates Rb phosphorylation under conditions that induce
cell growth arrest. C-tail truncation mutants of hSSTRS displayed progressive loss of
antiproliferative signalling suggesting a crucial role of the C-tail domain of hSSTRS5 in cytostatic
signalling. Since phosphorylation on serine and threonine residues plays an important role in G
protein coupled receptor regulatory functions such as effector coupling, agonist-dependent
desensitization and internalization, we have extended our study of the requirement of the C-tail of
hSSTRS in cytostatic signalling to an investigation of the role of phosphorylation sites within the
C-tail. We have constructed 7 mutant hSSTRS receptors by PCR mutagenesis in which putative
phosphorylation sites on Threonine (T) and Serine (S) residues were replaced by Alanine (A)
residues as follows: S314A, S325A, T333A, T347A, T351A, T360A, and S361A (schematically
depicted in Fig. 16). To date the four Threonine mutants T333A, T347A, T35 1A, and T360A, have
been stably transfected in CHO-K1 cells, characterized pharmacologically for binding (K and
Bmax), coupling to adenylyl cyclase (determined as percent inhibition of forskolin-stimulated
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cAMP) and coupling to cytostatic signalling (assessed as change in Gi/S ratio and induction of Rb).
The four mutants displayed comparable K, and Bmax compared to wild type hSSTRS (Table 3).
Likewise the four mutant receptors retained the ability to inhibit forskolin-stimulated cAMP levels
with dose-dependent maximum inhibition comparable to wild type hSSTRS. Interestingly, all four
mutations significantly affected the coupling of hSSTRS to antiproliferative signalling. Three of the
mutants T333A, T347A, and T360A displayed near total loss of the ability to induce Rb; the T351A
mutant showed a 4-fold reduction in the efficacy of the receptor to signal Rb induction (Fig. 17).
These changes were correlated with the inability of the four mutants to signal cell cycle arrest as
indicated by the effect of SST treatment on Gi/S ratio in these cells (Fig. 18). This work is still in
progress and will test the remaining three mutants to complete the analysis of all putative C-tail
phosphorylation sites. The results that we have obtained already are dramatic and show a critical
role of phosphorylation in cytostatic signalling by the C-tail of hSSTRS. Furthermore, the
dissociated effect between adenylyl cyclase coupling and antiproliferative signalling indicates that
phosphorylation of C-tail residues is not required for receptor coupling to adenylyl cyclase and that
the cAMP signalling pathway does not influence cytostatic signalling by hSSTRS.

*TASK 15. Studies of cAMP Effects on SSTR-Mediated Apoptosis

In the last Annual Report we had begun an investigation of the interaction between SST-
induced apoptosis and the cAMP signalling pathway and shown that apoptosis is inhibited by
cAMP-mediated prevention of acidification. Increasing intracellular cAMP with dbcAMP or
forskolin before and during SST treatment attenuated SST-induced acidification and prevented
apoptosis in MCF-7 cells. Addition of dbcAMP to cells during SST treatment, however, showed
that once acidification sets in, CAMP is ineffective in preventing apoptosis. It was our plan to
conduct futher experiments to investigate the underlying mechanisms. Since cCAMP is known to
phosphorylate and inactivate the Na*/H* exchanger (NHE), our findings suggest the involvement of
NHE in SST-induced acidification. We tried to embark on studies of SSTR3-induced modulation
of NHE but were simply overwhelmed by the scope of this undertaking given that there are six NHE
isoforms and that we would have to characterize at least three of the principal ones in SSTR3/NHE
cell cotransfectants. Such studies will also have to be coupled with our ongoing work on the
mutational analysis of the hSSTR3 C-tail. Accordingly, although mainly descriptive, we are
preparing a manuscript of our existing results of the interaction between SST-induced apoptosis and
the cAMP signalling pathway (presented in Fig. 4 of last year’s report) and will pursue the
mechanisms involving NHE and intracellular acidification through separate funding.

KEY RESEARCH ACCOMPLISHMENTS

» Showing that the incidence of SSTR1-5 mRNA expression by RT-PCR displays overall 78%
correlation with SSTR1-5 protein expression by immunocytochemistry.  Receptor
immunoreactivity is localized both in tumor cells as well as in surrounding peritumoral
structures especially blood vessels, immune cells, and stromal cells. SSTR
immunocytochemistry can thus be applied for routine analysis of SSTR subtype expression in
surgical samples of breast tumor tissue.
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Showing that overexpression of hSSTR3 in HEK-293 cells leads to constitutive induction of
apoptosis.

Showing that antisense blockade of hSSTR3 in MCF-7 cells blocks SST-induced apoptosis in
these cells.

Demonstrating that overexpression of SHP-1 amplifies the apoptotic effect of SST and that
inactivation of SHP by dominant negative expression of catalytically inactive SHP-1 abolishes
hSSTR3-mediated cytotoxic signalling. SHP-1-dependent, SST-induced apoptosis is associated
with activation of caspase-8 and decrease in mitochondrial membrane potential.

Showing that hSSTRS exists in the basal state as inactive monomer. Activation by SST induces
dose-dependent formation of functional homodimers. hSSTRS also forms heterodimers with
hSSTR1. Heterodimerization results in novel receptors with pharmacological properties distinct
from those of the separate monomer components.

Showing that SSTR3 is the only subtype that undergoes apoptosis when studied as a
monotransfectant, but that in MCF-7 cells which coexpress SSTR1,2,3,5, treatment with
nonpeptide agonists selective for each subtype induces apoptosis via all four SSTRs likely
through formation of heterodimers with SSTR3.

Showing that deletion of the C-tail of hNSSTR3 abrogates SSTR3-induced apoptosis whereas
substitution of the C-tail of SSTR5 with that of SSTR3 confers apoptosis in the chimeric
receptor.

Showing that cytostatic signalling by hSSTRS5 associated with induction of Rb is SHP-1-
dependent, is amplified by overexpression of this enzyme and abrogated by blockade of the
enzyme with catalytically inactive SHP-1.

Showing that point mutations of putative phosphorylation sites in the C-tail of hSSTRS block
the ability of the receptor to undergo SST promoted Rb induction and cell cycle arrest.

REPORTABLE OUTCOMES
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Rocheville, M., D. Lange, U. Kumar, R. Sasi, R.C. Patel, and Y.C. Patel. Subtypes of the
somatostatin receptor assemble as functional homo- and heterodimers. J. Biol. Chem.
275:7862-7869, 2000.

Liu, D., G. Martino, M. Thangaraju, M. Sharma, F. Halwani, S-H Shen, Y.C. Patel, and C.B.
Srikant. Caspase-8-mediated intracellular acidification preceeds mitochondrial dysfunction in
somatostatin-induced apoptosis. J. Biol. Chem. 275:9244-9250, 2000.




3)

4)

5)

6)

7)

8)

9

10)

11)

12)

17

Patel, Y.C. Somatostatin. In Principles & Practice of Endocrinology and Metabolism, Becker,
K. (Ed), Third Edition, J.B. Lippincott Co., 2000 (in press).

Papotti, M., Kumar, U., Volante, M., Pecchioni, C., and Patel, Y.C. Immunohistochemical
detection of somatostatin receptor types 1-5 in medullary carcinoma of the thyroid. Clinical
Endocrinology 2000 (in press).

Patel, Y.C. et al. Immunohistochemical and mRNA expression of SSTR types 1-5 in primary
human breast cancer. Correlation with tumor pathology, estrogen, and progesterone receptor
status. Cancer Research (in preparation).

Rocheville, M., Kumar, U., Srikant, C.B., Chan, M. and Patel, Y.C. Apoptotic signalling by
somatostatin receptor type 3 (SSTR3) requires molecular signals in the receptor C-tail. J. Biol.
Chem. (in preparation).

Rocheville, M., Kumar, U., Patel, R.C., and Patel, Y.C. Induction of apoptosis by multiple
SSTR subtypes through formation of hetero-oligomers with SSTR3. (Manuscript in
preparation).

Rocheville, M., Srikant, C.B., and Patel, Y.C. Putative phosphorylation sites in carboxyl-
terminus of human somatostatin receptor type 5 mediate agonist-dependent regulation and
cytostatic signalling. J. Biol. Chem. (In preparation).

Liu, D., Patel, Y.C., and Srikant, C.B. Somatostatin-induced apoptosis is inhibited by cAMP-
mediated prevention of acidification. (Manuscript in preparation).

Liu, D., Martino, G., Thangaraju, M., Sharma, M., Halwani, F., Shen, S-H, and Patel, Y.C.
SHP-1-dependent, caspase-8-mediated, acidification and apoptosis are not dependent on
mitochondrial dysfunction. Program Annual Meeting American Association For Cancer
Research, San Francisco, CA., April 1-5, 2000 (Abstr. #987).

Patel, Y.C., Rocheville, M., Semaan, L., Sasi, R., Srikant, C.B., Khare, S., Chan, M., and Patel,
Y.C. Apoptotic signalling by somatostatin receptor type 3 (SSTR3) requires molecular signals
in the receptor C-tail. Department of Defense Breast Cancer Research Program Meeting: Era
of Hope, Atlanta, Georgia, June 8-12, 2000.

Srikant, C.B., Sharma, K., Thangaraju, M., Liu, D., Patel, Y.C., and Shen, S-H. hSSTR
subtype-selectivity for cytotoxic and cytostatic antiproliferative signalling. Department of
Defense Breast Cancer Research Program Meeting: Era of Hope, Atlanta, Georgia, June 8-12,
2000.

13) Rocheville, M., Kumar, U., Semaan, L., Sasi, R., Srikant, C.B., Khare, S., Chan, M., and Patel,




18

Y.C. Apoptotic signalling by somatostatin receptor type 3 (SSTR3) requires molecular signals
in the receptor C-tail. Program Annual Meeting U.S. Endocrine Society, Toronto, Canada, June
21-24, 2000.

14) Rocheville, M., Kumar, U., and Patel, Y.C. Multiple somatostatin receptor subtypes (SSTRs)
can induce apoptosis through formation of hetero-oligomers with SSTR3. Program 11®
International Congress of Endocrinology, Sydney, Australia, October 29-November 2, 2000.

15) Srikant, C.B., Sharma, K., Thangaraju, M., Liu, D., Martino, G., Patel, Y.C., and Shen, S-H.
Cytotoxic and cytostatic antiproliferative actions of somatostatin. Program 11 International
Congress of Endocrinology, Sydney, Australia, October 29-November 2, 2000.

CONCLUSIONS

Breast tumors show rich expression of multiple SSTR subtypes and may be amenable to
treatment with selective SST compounds. All five SSTRs variably inhibit cell growth. When
studied as individual subtypes expressed in host cells, SSTR3 is the only isoform that induces
apoptosis whereas SSTR1,2,4 and 5 promote cell growth arrest with SSTRS exerting the most potent
effect. Both apoptotic and cytostatic signalling are dependent on receptor-mediated activation of
SHP-1. Cytostasis then proceeds through activation of Rb and p21 whereas apoptosis is associated
with caspase-8-mediated intracellular acidification and decrease in mitochondrial membrane
potential. Apoptotic signalling by SSTR3 requires molecular signals in the receptor C-tail.
Likewise, the C-tail of hNSSTRS5, and specifically its phosphorylation state is crucial for the ability
of this receptor to initiate cytostatic signalling. Endogenous SSTRs that are coexpressed as multiple
subtypes in the same cell are capable of associating as functional heterodimeric receptors whose
properties differ from those of the separate monomer components. Although SSTR3 is the only
subtype that undergoes apoptosis when studied as a monotransfectant, SSTR1,2, and 5 are also
capable of inducing apoptosis when coexpressed with SSTR3. This means that SSTR3 is an
obligatory receptor for SST-induced apoptosis but that other SSTR subtypes can also induce
apoptosis through heterodimerization with SSTR3.
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TABLE 1

COMPARISON OF SSTR1-5 mRNA EXPRESSION WITH SSTR1-5
IMMUNOCYTOCHEMISTRY IN HUMAN BREAST TUMOR SAMPLES (Study 2) (n=19)
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12999
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- 4

13150

k.
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13410

!

In each paired analysis, SSTR mRNA expression is shown as + to ++++ based on quantitative
RT-PCR. Absence of SSTR mRNA is indicated by -. The presence or absence of SSTR
immunoreactivity by peroxidase immunocytochemistry in the matching samples is shown as
1 or O respectively. A match between SSTR mRNA and protein expression by immuno-
cytochemistry is indicated by the shaded boxes.
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TABLE 2

CORRELATION BETWEEN SSTR mRNA (by RT-PCR) and SSTR PROTEIN EXPRESSION
(BY IMMUNOCYTOCHEMISTRY) IN DUCTAL NOS PRIMARY HUMAN BREAST
CANCER SAMPLES (n=19)

Samples Displaying Concordance For
mRNA and Protein Expression

Receptor Number %
SSTR1 16/19 84
SSTR2 15/19 79
SSTR3 17/19 89
SSTR4 13/19 68
SSTR5 13/19 68

SSTR1-5 74/95 78




23a.

TABLE 3.

BINDING OI>D>OamD_ijm AND COUPLING TO ADENYLYL CYCLASE
OF WILD TYPE AND MUTANT hSSTR5 RECEPTORS

RECEPTOR Kd Bmax % inhibition of Fsk-stimulated
(M) (Imol/mg profein) ¢ AMP (at 10"°M SST-28)
WT hSSTRS 0.31+0.02 162421 5212
T333A hSSTR5 0.75+0.14 119443 6542
T347A hSSTR5 0.42+0.08 102436 58+2
T351A hSSTR5 0.39+0.19 90+51 5144
T360A hSSTR5 0.2240.11 70£40 4642
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FIGURE LEGENDS

Incidence of SSTR mRNA in 98 primary human ductal NOS tumors. These results
are based on two separate batches of frozen tumor tissue analysed for SSTR mRNA
by semi-quantitative RT-PCR as described in Task 1. The upper panels show adjacent
sections of a representative grade 4 ductal NOS tumor strongly positive for SSTR1,
2, and 3, weakly positive for SSTR4 and negative for SSTRS5 by peroxidase
immunocytochemistry.

Effect of treatment of MCF-7 cells for 4 days with antisense or sense oligonucleotides
to SSTR1, 2, 3, and 5 on receptor protein expression detected by rhodamine
immunofluorescence. Note the marked reduction in the level of fluorescent labelling
of antisense-treated cells compared to sense-treated or control cells.

SHP-1 dependency of hSSTR3-mediated cytotoxic signalling revealed by the
potentiation of D-Trp® SST-14-induced apoptosis by overexpression of SHP-1 and its
abrogation by the dominant negative suppressive action by expression of inactive
mutant SHP-1C455S. Cells were incubated with 100 nM peptide for the indicated
times and apoptotic cells were labelled with the dye HOECHST 33342 and
quantitated by flow cytometry (mean + SE, n=4).

hSSTR3 signalled intracellular acidification is SHP-1-mediated. CHO-K1 cells
treated with 100 nM D-Trp® SST-14 for 24 h were loaded with the cell permeable dye
carboxy-SNARF-1 acetoxymethylester during the final hour and cell pH was
measured by radiometric analysis of its fluorescence at 580 and 640 nM using a flow
cytometer. VC, mock transfected cells, SHP-1, cells transfected with active SHP-1;
SHP-1C455S cells transfected with the catalytically inactive mutant SHP-1. Note the
abrogation of intracellular acidification by inactivation of SHP-1. (mean * SE, n=4).

D-Trp® SST-14 induced reduction in mitochondrial membrane potential (A%¥'m) in
hSSTR3 expressing CHO-K1 cells. Following incubation with 100 nM peptide for
24 h, cells were loaded with the dye DiOC6(3). Reduction in mitochondrial
membrane potential was assessed by the decrease in the fluorescence intensity of the
dye. The catalytically inactive mutant SHP-1C455S suppressed the effect of D-Trp®
SST-14 (mean + SE, n=4).

The obligatory involvement of SHP-1 in hSSTR3-mediated cytotoxic signalling was
also established by the inductive effect of D-Trp® SST-14 on caspases. Caspase-8
activity (solid bars) was measured in extracts of CHO-K1/hSSTR3 cells incubated in
the absence or presence of 100 nM peptide for 6 h using the substrate IETD-AMC.
Activities of caspase-9 and caspase-3 were measured using LEHD-AMC (hatched
bars) and DEVD-AMC (speckled bars) respectively as substrates in cells treated for
24 h. Fluorescence intensity of the aminomethylcoumarin (AMC) was analysed by
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spectrofluorimetry (mean + SE, n=4).

hSSTR3 signaled activation of caspase-3 but not caspase-8 is acidification- dependent.
CHO-K1/hSSTR3 cells were incubated with 100 nM D-Trp® SST-14 (hatched bars)
for 24 h in the absence or presence of 25 ng nigericin (speckled bars). Nigericin-
induced pH clamping abolished the activation of caspase-3 (DEVD-ase), but not
caspase-8 (IETD-ase) (mean + SE, n=4).

SHP-1-dependent induction of Rb by D-Trp® SST-14 in CHO-K1/hSSTRS cells. The
ability of the peptide (100 nM) to induce Rb during 4 h treatment was assessed in
mock transfected cells (vector control), or cells transfected with SHP-1 or its inactive
mutant SHP-1C455S. Rb was assessed by flow cytometry following staining with
anti Rb antibody and FITC-conjugated secondary antibody. The effectiveness of the
peptide was increased by > 50% by overexpressed SHP-1 and was abrogated by the
inactive SHP-1 mutant (mean + SE, n=4).

Induction of apoptosis by selective nonpeptide SST agonists in CHO-K1 cells
expressing individual SSTRs. Apoptosis was detected by TUNEL assay. Note the
large number of rounded TUNEL-positive cells in SSTR3 expressing cells. There was
minimal or no apoptosis in SSTR1,2,4, and 5 expressing cells.

Induction of apoptosis in MCF-7 cells by SSTR subtype-selective nonpeptide
agonists. Apoptosis was detected by TUNEL assay. The lower panel shows a
histogram of the mean (x SE) percent of apoptotic cells induced by treatment with
SSTR1, SSTR2, SSTR3, SSTR4, and SSTRS5 selective nonpeptide agonists compared
with control, SST-14, and the SSTR1-selective peptide agonist SCH275.

Schematic depiction of wild type, mutant and chimeric SSTR3/SSTRS receptors. AC-
SSTR3, C-tail deletion mutant of hSSTR3; palm-SSTR3, mutant with a cys residue
inserted 12 amino acids downstream from the 7™ transmembrane domain to create a
putative palmitoylation anchor; SSTR3/R5C, chimeric receptor substituting the C-tail
of hSSTRS5 in hSSTR3; SSTR5/R3C, chimeric receptor substituting the C-tail of
hSSTR3 in hSSTRS.

Binding and signalling profiles of wild type, mutant and chimeric SSTR3/SSTRS
receptors. All of the mutant receptors were functionally coupled to adenylyl cyclase
as determined by their ability to show dose-dependent inhibition of forskolin-
stimulated cAMP levels by SST.

Somatostatin-induced inhibition of growth of HEK293 cells expressing wild type,
mutant and chimeric SSTR3/SSTRS receptors. Cell growth was assessed by MTT
assay (mean + SE, n=4).




¥ ¥
| d »

FIGURE 14.

FIGURE 15.

FIGURE 16.

FIGURE 17.

FIGURE 18.

26

SST-14 induced apoptosis of HEK293 cells expressing wild type, mutant and
chimeric SSTR3/SSTRS receptors. Percent apoptotic cells was analysed by TUNEL
assay at day 2 (mean * SE, n=4).

Representative HOECHST dye and TUNEL-stained HEK293 cells expressing wild
type mutant and chimeric SSTR3/SSTRS receptors. Note the pronounced nuclear
shrinkage (HOECHST labelling) and in situ DNA fragmentation detected by TUNEL
labelling in the case of wild type SSTR3 and the SSTRS5 chimera substituted with the
SSTR3 C-tail (SSTRS5/R3 receptor).

Schematic depiction of hSSTRS C-tail sequence showing putative phosphorylation
sites on Serine and Threonine residues. Point mutations were created by substituting
Alanine (A) for each of the Serine (S) and Threonine (T) residue.

Requirement of Thr phosphorylation in the C-tail of hSSTRS for cytostatic signalling.
The ability of D-Trp® SST-14 to induce Rb was compared in CHO-K1 cells expressing
wild type hSSTRS or its point mutants substituting T — A at residues 333, 347, 351,
and 360. A 4-fold reduction in D-Trp® SST-14-induced increase in Rb
immunofluorescence was seen with the T351A mutant. T — A substitutions at 333,
347, and 360 residues resulted in complete loss of Rb induction (mean + SE, n=4).

Requirement of Thr phosphorylation in the C-tail of hSSTRS for cytostatic signalling.
The ability of D-Trp® SST-14 to induce cell cycle arrest was compared in CHO-K1
cells expressing wild type hSSTRS or point mutants substituting T — A at residues
333, 347, 351, and 360. The increase in Gi/S ratio (expressed as fold change
compared to that in the respective untreated cells taken as 1) which gives an index of
cell cycle arrest was seen only in agonist-treated cells expressing the wild type
receptor. The C-tail mutants showed complete (T333A, T347A, T360A) or partial
(T351A) escape from SST-induced cytostasis. The Gi/S ratios in untreated and
treated CHO-K1/hSSTRS5 cells were 6.5 + 0.86 and 15.6 + 1.9 respectively (mean +
SE, n=4). :
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Subtypes of the Somatostatin Receptor Assemble as Functional
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The existence of receptor dimers has been proposed
for several G protein-coupled receptors. However, the
question of whether G protein-coupled receptor dimers
are necessary for activating or modulating normal re-
ceptor function is unclear. We address this question
with somatostatin receptors (SSTRs) of which there are
five distinet subtypes. By using transfected mutant and
wild type receptors, as well as endogenous receptors, we
provide pharmacological, biochemical, and physical ev-
idence, based on fluorescence resonance energy trans-
fer analysis, that activation by ligand induces SSTR
dimerization, both homo- and heterodimerization with
other members of the SSTR family, and that dimeriza-
tion alters the functional properties of the receptor such
as ligand binding affinity and agonist-induced receptor
internalization and up-regulation. Double label confocal
fluorescence microscopy showed that when SSTR1 and
SSTR5 subtypes were coexpressed in Chinese hamster
ovary-K1 cells and treated with agonist they underwent
internalization and were colocalized in cytoplasmic ves-
icles. SSTR5 formed heterodimers with SSTR1 but not
with SSTR4 suggesting that heterodimerization is a spe-
cific process that is restricted to some but not all recep-
tor subtype combinations. Direct protein interaction be-
tween different members of the SSTR subfamily defines
a new level of molecular cross-talk between subtypes of
the SSTR and possibly related receptor families.

Many membrane proteins such as ion channels, receptor
tyrosine kinases, and receptors for growth hormone and cyto-
kines associate as functional oligomeric complexes (1-4). Al-
though G protein-coupled receptors (GPCRs)' are generally
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! The abbreviations used are: GPCR, G protein-coupled receptor;
SST, somatostatin; SMS, octapeptide SMS-(201-995); SCH275, des-
AAL25[D-Trp®, IAMP®]SRIF; LTT-SST-28, Leu®-p-Trp??, Tyr?®, SST-28;
SCH288, des-AAY[Tyr?-p-Trp® JAMP®ISRIF; SSTR, somatostatin re-
ceptor; wt hSSTR1, wild type human somatostatin receptor type 1; wt

believed to operate as monomers, several recent lines of evi-
dence based on thermodynamic, biochemical, and functional
studies suggest that this class of membrane proteins may also
associate as dimers (5-21). However, the question of whether
dimerization is a general property of GPCRs and whether it is
necessary for GPCR function remains controversial (9, 10, 15,
16, 21). The GABA-B receptor associates as a heterodimer via
the cytoplasmic C-tail in the endoplasmic reticulum and is
targeted to the plasma membrane as a preformed dimer, inde-
pendent of agonist regulation (11-14, 21). Whether other
GPCR dimers are similarly preformed or whether they undergo
dimerization at the plasma membrane in response to agonist
activation is unclear (9, 10, 15, 16, 21). Dopamine and musca-
rinic receptors have been postulated to exist on the membrane
as preformed dimers that are stabilized by ligand binding (9,
19). The B-adrenergic receptor on the other hand undergoes
ligand-dependent dimerization and activation, whereas ago-
nists at the & opioid receptor have been suggested to favor
monomer formation that is required for agonist-induced inter-
nalization (10, 16). In the case of somatostatin (SST) receptors
(SSTRs), there are five distinct subtypes that bind the two
natural ligands, SST-14 and SST-28, with comparable low
nanomolar affinity (22). The five subtypes also share common
signaling pathways such as the ability to inhibit adenylyl cy-
clase and to activate phosphotyrosine phosphatase (22-24).
Furthermore, individual target cells typically express more
than one SSTR subtype and often all five isoforms (25-28)
raising the question of whether multiple SSTRs in the same
cell are redundant or whether they interact for greater func-
tional diversity. By using pharmacological, biochemical, and
physical methods, here we show that SSTRs associate as
dimers, both as homodimers or heterodimers with other mem-
bers of the SSTR family, and that dimerization alters the
functional properties of the receptor such as ligand binding
affinity, signaling, and agonist-induced regulation. We provide
the first direct evidence based on the sensitive fluorescence
resonance energy transfer (FRET) analysis that hSSTR5 exists
as a monomer in the basal state and undergoes dose-dependent
increase in dimerization when treated with SST-14 suggesting
that dimerization is induced by agonist binding.

EXPERIMENTAL PROCEDURES

Peptides and Antisera—Peptides and antisera were obtained as fol-
lows: SST-14, SST-28 (Bachem); Leu®-n-Trp?2, Tyr25, SST-28 (LTT-SST-
28) (Peninsula); SMS-(201-995) and Tyr® SMS (Sandoz, Basel, Switzer-

hSSTR4, wild type human somatostatin receptor type 4; HA-SSTR5,
hemagglutinin-tagged somatostatin receptor type 5; ECL2, second ex-
tracellular loop segment; ECL3, third extracellular loop segment; C-
tail, cytoplasmic carboxyl-terminal segment; CHO, Chinese hamster
ovary; mAb, monoclonal antibody; pbFRET, photobleaching fluores-
cence resonance energy transfer.
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land); des-AAYZ5[D-Trp® IAMP®ISRIF (SCH275) and des-AA-®[Tyr®-p-
Trp? IAMP?]SRIF (SCH288) (J. Rivier, Salk Institute); anti-HA
mouse monoclonal antibody (12CA5) and fluorescein- and rhodamine-
conjugated monoclonal antibodies against HA (Roche Molecular
Biochemicals).

SSTR Constructs and Transfections—The A318 hSSTR5 C-tail dele-
tion mutant and the second extracellular loop (ECL2) hSSTR5 mutant
in which 7 of the 10 COOH-terminal residues of the second ECL were
conservatively altered have been described previously (29, 30). Stable
CHO-K1 cells overexpressing full-length HA-tagged hSSTR5 were ob-
tained from K. Koller (31). Stable CHO-K1 cotransfectants expressing
wt hSSTR1-pCDNA (32), wt hSSTR4-pRC/CMV (32), HA-hSSTRS5 in «
+ 12CA5-KH (31), A318 hSSTR5-pTEJ8 or ECL.2/A318 hSSTR5 mu-
tants in pTEJ8 were prepared by Lipofectin transfection (Life Technol-
ogies, Inc.). Neomycin-resistant clones were selected and maintained in
F12 medium with 10% fetal bovine serum and 700 ug/ml G418.

Binding Assays, Internalization, and Up-regulation Experiments—
Binding studies were carried out for 30 min at 37 °C with cell mem-
brane protein or whole cells with **I-labeled LTT-SST-28 radioligand
or subtype-selective ligands as previously reported (29, 30, 32, 33).
Receptor coupling to adenylyl cyclase was tested by incubating cells for
30 min with 1 mM forskolin with or without SST (1071°~10"% M) at 37 °C
as described previously (30). Cells were then scraped in 0.1 N HCl and
assayed for cAMP by radioimmunoassay (30, 33). Internalization ex-
periments were carried out by incubating cells overnight at 4 °C with
radioligand with or without SST (0.1 mm) (30, 32, 33). After washing,
cells were warmed to 37 °C for 15, 30, and 60 min to initiate internal-
ization. At the end of each incubation, surface-bound radioligand was
removed by acid wash, and internalized radioligand was measured as
acid-resistant counts in 0.1 N NaOH extracts of acid-washed cells (30,
32, 33). The ability of long term treatment with SST to up-regulate
surface SSTR binding was studied in cells cultured with 1 um SST or
SMS for 22 h as described previously (32, 33). After acid wash to remove
surface-bound SST, whole cell binding assays were performed to deter-
mine total and nonspecific binding. Residual surface binding was cal-
culated as the difference between control and experimental groups
(32, 33).

Western Blots—CHO-K1 cells expressing HA-SSTR5 were analyzed
for receptor protein by Western blots as reported previously (27). Mem-
branes were incubated with or without SST-14 (10~¢ m) for 30 min at
37 °C and then solubilized in sample buffer containing 62.5 mmol/liter
Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and 50 mmol/liter dithiothre-
itol. 50-pg samples of membrane protein were fractionated by electro-
phoresis on 10% SDS-polyacrylamide gels as described by Laemmli
(34). The fractionated proteins were transferred by electrophoresis to
nitrocellulose membranes in a transfer buffer containing 0.025 mol/liter
Tris, 0.192 mol/liter glycine, and 15% methanol. The membranes were
then probed for HA-SSTR5 using the mouse monoclonal antibody and
the lumilight™ Western blotting Kit (Roche Molecular Biochemicals)
(27). Blots were analyzed semi-quantitatively using the computer scan-
ning software Masterscan.

Photobleaching (pb) FRET Microscopy—Generally, FRET efficiencies
are determined indirectly by measuring changes in the quantum yield
of any competitive donor deactivation process upon introduction of an
acceptor molecule (35-39). Donor photobleaching represents such a
competitive process that can be exploited in pbFRET microscopy. The
effective FRET efficiency E is calculated from the photobleaching time
constants of the donor (D) obtained in the absence (7,_,) and presence
(7p..4) of acceptor (A) according to Equation 1.

TD-A

E=1 (Eq. 1)

TD+A
In a two-state model, the minimal amount of receptor dimerization
(etpsp) is Telated to the fraction of acceptor labeled receptor (f,) and E as
shown in Equation 2,

8E

Omin = fA(z e E)z (Eq 2)

where f, is determined from the relative affinities of fluorescein- and
rhodamine-conjugated mAbs and the concentration ratio used for incu-
bation (39). pbFRET experiments were performed on CHO-K1 cells
stably expressing HA-hSSTR5 using a Leica DMBL fluorescence micro-
scope equipped with epi-illumination. An OSRAM HBO 100-watt mer-
cury lamp was used as excitation light source. In order to separate
fluorescein excitation from emission as well as to optimize fluorescein
excitation while simultaneously blocking rhodamine excitation, the fol-
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ECL2-hSSTR5

Fic. 1. Schematic depiction of binding-deficient second extra-
cellular loop (ECL2-hSSTR5) and signaling-deficient C-tail de-
letion (A318-hSSTR5) mutants of hSSTR5.

A318-hSSTRS

lowing filters were used: Leitz BP 450—490 (excitation), RKP510 (dich-
roic mirror), and BP 515-535 (emission). Digital images (8-bit) were
generated with an Electrim-1000U CCD camera with a spatial resolu-
tion of 1134 X 486 pixels of size 7.8 X 13.6 um. Exposure as well as time
delays were software controlled. IGOR Pro 3.13 (Wavemetrics, OR) was
used for image analysis. Images were corrected for dark current, back-
ground, and flatness.

Immunocytochemistry—Expression of SSTRs in transfected CHO-K1
cells was determined by immunocytochemistry. Rabbit polyclonal anti-
peptide antibodies directed against sequences in the amino-terminal
segment of hSSTR1 (diluted 1:300) or mouse monoclonal anti-HA anti-
bodies (diluted 1:300) were used as primary antibodies followed by
reaction with rhodamine or fluorescein-conjugated secondary antibody
as described previously (33). To demonstrate colocalization of hSSTR1
with hSSTR5, CHO cells stably cotransfected with wt hSSTR1 and
HA-hSSTR5 were treated with 1 um SMS for 12 h at 4 °C. For receptor
localization on the plasma membrane, cells were fixed at 4 °C in 3.7%
formalin for 15 min. For receptor localization in vesicles, cells were
incubated for an additional 60 min at 37 °C to allow internalization,
fixed, and permeabilized in methanol/acetone at ~10 °C for 15 min. The
fixed cells in both instances were processed for double label confocal
fluorescence immunocytochemistry. Cells were mounted with
immunofluor and viewed under a Zeiss LSM 410 confocal microscope.
Images were obtained as single optical sections taken through the
middle of cells and averaged over 32 scans/frame.

Statistical Analysis—Results are presented as mean * S.E.

RESULTS

Agonist-dependent Homodimerization of hSSTR5—We first
demonstrated SSTR homodimerization by functional comple-
mentation of two partially active mutants of human SSTR5
(hSSTR5) that we have previously described (29, 30) (Fig. 1).
One is a conservative segment exchange mutant of the second
extracellular loop, ECL2 hSSTR5 which fails to bind SST-14/
SST-28 but which is correctly targeted to the plasma mem-
brane as shown by immunocytochemistry (29). The other is a
cytoplasmic tail (C-tail) deletion mutant A318 hSSTR5 that
displays complete loss of adenylyl cyclase coupling while re-
taining full agonist binding potency and the ability to undergo
agonist-dependent internalization (30). We wondered whether
loss of adenylyl cyclase coupling by the C-tail deletion mutant
could be rescued by cotransfection, whereby the binding com-
petent mutant would associate and signal through the C-tail of
the binding-deficient mutant. The two mutants were stably
cotransfected in CHO-K1 cells (B, . 119 * 36 fmol/mg protein)
and compared with individual A318 hSSTR5 (B, 126 * 43
fmol/mg protein) or ECL2 hSSTR5 (no binding) stable mono-
transfectants. Coupling to adenylyl cyclase was determined by
the ability of SST-28 to inhibit forskolin-stimulated cAMP. In
the cotransfectant, SST-28 produced dose-dependent inhibition
of forskolin-stimulated cAMP (31 = 2.5% at 1 uM agonist)
which was completely abolished by pertussis toxin treatment
(Fig. 2B). This suggests that the two mutant receptors assem-
ble as homodimers to constitute a functional G protein-linked
effector complex. Competition analysis showed a significant
4-fold increase in the binding affinity of SST-14 for the putative
A318-hSSTR5/ECL2-hSSTR5 dimeric receptors (K; 3.1 £ 1.9
nM) compared with A318 hSSTR5 alone (K; 12.1 = 2.5 nm)
suggesting physical association leading to a change in receptor
conformation (Fig. 24). We next investigated the effect of coex-
pression of the mutant receptors on receptor internalization
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Fic. 2. Homodimerization of hSSTR5. Effect of cotransfecting ECL2-hSSTR5 and A318-hSSTR5 mutants on ligand binding affinity, adenylyl
cyclase coupling, and internalization. A, displacement analysis of A318-hSSTR5 alone (O) (K, 12.1 + 2.5 nm) compared with that of cotransfectants
(@) (K}, 3.1 = 1.9 nm). B, SST-28 produces dose-dependent inhibition of forskolin-stimulated cAMP (A) that is abolished by 100 ng/m] pertussis toxin
pretreatment (®). C, percent internalization of **I-LTT-SST-28 by cells expressing A318- hSSTR5 alone (A) compared with A318-hSSTR5/ECL2
hSSTR5 cotransfectants (@). For comparative purposes, wt hSSTR5 monotransfected in CHO-K1 cells displayed B,,..« 180 * 28 fmol/mg protein
and K, 0.31 * 0.03 nM, 70 = 6% maximum inhibition of forskolin-stimulated cAMP at 1 um SST-14 and maximum 66 * 7% internalization of

1261.LTT-SST-28 at 60 min (33). Mean * S.E. of 3 experiments.

Fic. 3. Representative Western blot A
of HA-hSSTR5 showing ligand-in-
duced homodimerization. Membranes
from nontransfected (control) or HA-
hSSTR5 transfected CHO-K1 cells were
incubated with different amounts of
SST-14 for 30 min and analyzed by West-
ern blots using HA monoclonal antibody.
A, hSSTR5 exists as a mixture of broad
monomeric 55-65-kDa and dimeric 105-
115-kDa bands. Treatment with SST-14
results in a dose-dependent increase in
the proportion of dimers. A sharp nonspe-
cific band at 77 kDa is observed in control
and transfected cells. B, semiquantitative
analysis of the percent of monomer and
dimer species using computer scanning
software MasterScan. The nonspecific
band was used as an internal standard for
protein estimation. Mean + S.E. of 3 in-
dependent experiments.
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(Fig. 2C). CHO-K1 cells expressing either A318 hSSTR5 or
A318 hSSTR5 and ECL2 hSSTR5 mutants were incubated at
37 °C for different times with 2°I-labeled LTT-SST-28 (a non-
selective radioligand for all five SSTR subtypes) with or with-
out 0.1 um SST-28 (30, 32). The A318 hSSTR5 mutant dis-
played time-dependent internalization with a maximum of
41 + 2.8% at 60 min (Fig. 2C). Coexpression of the ECL2
mutant markedly inhibited internalization of the putative di-
meric complex to only 13 + 3.9% at 60 min. This suggests that
the association of the ECL2 hSSTR5 mutant with the binding
competent A318 hSSTR mutant, although promoting ligand
binding affinity, impairs internalization of the dimeric receptor
complex perhaps because only one of the receptor subunits is in
a ligand-bound state. Physical association of SSTRs was inves-
tigated by Western blot analysis of CHO-K1 cell membranes
expressing full-length hSSTR5 tagged at the amino terminus
with a nonapeptide of the hemagglutinin (HA) sequence (31).
These cells expressed a high level of membrane hSSTR5 (B, .,
800 = 90 fmol/mg protein) that existed in the basal state as a
mixture of broad monomeric 55-65-kDa and dimeric 105-115-
kDa bands (ratio 73 = 3%: 27 = 3%) (Fig. 3). Treatment with
SST-14 resulted in a dose-dependent saturating increase in the
proportion of dimers (monomer:dimer ratio 54 + 1%:46 + 1%
with 1 uM ligand). The dose-response curve for hSSTR5 dimer-
ization paralleled that for ligand-induced receptor signaling
(Fig. 2B).
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Agonist-dependent Homodimerization of hSSTRS5 in Intact
Cells by Photobleaching FRET Analysis—To obtain direct evi-
dence for the association of SSTRs in intact cells, we probed for
receptor homodimerization by ppFRET microscopy (35-39). HA
hSSTR5 was visualized in CHO-K1 cells using fluorescein (do-
nor)- and rhodamine (acceptor)-conjugated monoclonal anti-
body (mAb) against HA. Both fluorophore-tagged antibodies
exhibited clear plasma membrane staining (Fig. 41, a—c) as well
as competitive antigen binding (Fig. 41, d), from which their
relative affinities could be determined. The decrease in donor
fluorescence intensity due to photobleaching during prolonged
exposure to excitation light was monitored in the absence (Fig.
411, a) or presence (Fig. 4111, a) of acceptor, i.e. in the potential
presence of an additional donor deactivation process, FRET.
The photobleaching decay was analyzed for the plasma mem-
brane regions, both on a pixel-by-pixel basis (Fig. 4, IIb and
IIIb) as well as averaged over each image (Fig. 411, ¢ and d). We
observed a significant slow down of the photobleaching process
(as described by an increase in the photobleaching time con-
stant) upon addition of rhodamine-labeled antibody to the cells
suggesting that a large proportion of rhodamine molecules are
in close enough proximity to fluorescein to act as acceptors for
energy transfer. Given that the two fluorophores are associated
with different receptor molecules, this finding suggests recep-
tor association. In the basal state, we found effective FRET
efficiencies of approximately 11 and 15% for donor:acceptor
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FiG. 4. I, confocal microscope images showing fluorescently labeled monoclonal anti-HA-antibody bound to the plasma membrane of CHO-cells
transfected with HA-hSSTR5. a, fluorescein-conjugated mAb; b, rhodamine-conjugated mAb; ¢, colocalization of fluorescein- and rhodamine-
conjugated mAb (yellow); d, competitive binding of native-, fluorescein-, and rhodamine-conjugated mAb. Cells were incubated with 2.5 pg/ml mAb
(total concentration) in various ratios of fluorescein/unlabeled (O) and rhodamine/unlabeled (@) mAb. The relative fluorescence intensity (averaged
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TaBLE I

The symbols used are as follows: D:A, concentration ratio donor/acceptor; D ~ A and D + A, corresponding to donor in absence and presence of
acceptor, respectively; 7,,,, mean of n photobleaching time constants (each being the pixel-based average of a cell membrane), = S.E.; n, number
of cells analyzed (with an average number of ~1500 pixels per cell); o,_,, standard deviation of Tavg £, average effective FRET efficiency; o,
corresponding minimal amount of receptor dimerization. Absolute photobleaching time constants are not comparable between different data sets
as they were measured on different days and were therefore affected by the decrease in excitation intensity of the UV lamp.

D:A

sst-14

concentration ratio Tavg n In-1 E “min
s s %
Low expression cell line
0 (basal state) 1:1 - A, 35.6 £ 1.1 33 6.1
D+ A, 36.0 = 1.0 32 5.5 1*+4 3=x11
1:2 D - A 36.0+1.2 31 6.4
D+ A, 35.6 = 0.8 25 4.0 =0 * 4 0+10
107 M 1:1 D - A, 144 + 0.2 40 12
D + A, 152 +04 27 2.2 5+3 14 £ 8
107%™ 1:1 D - A 31.6 = 0.5 46 3.7
+ A, 364 + 1.0 33 5.8 133 337
5X 1078 M 1.1 D - 4 304 + 1.2 27 6.2
D+ A, 364 + 0.8 21 3.6 16 + 4 40+ 8
107¢m 1:1 D - A 26.8 = 0.8 27 4.3
D+ A, 33.6 0.8 36 4.8 20+ 3 48+ 6
1:2 D - A 28.8 1.0 30 5.6
+ A, 376 +1.9 22 8.9 23+5 45 £ 8
High expression cell line
0 (basal state) 1:2 D - A 21.0 = 0.7 37 4.5
D + A 23504 40 2.3 11+3 24+ 6
1:3 D - A, 224+ 0.5 46 3.7
+ A, 26.3+0.8 34 4.5 15+ 3 305
107¢m 1:2 D~ A, 19.9 + 0.6 22 2.7
D+ A 25305 29 2.8 21+3 42 £5
1:3 D - A 20.1 * 04 54 3.1
+ A, 274+ 0.6 48 3.9 27+ 2 48+ 3
ratios of 1:2 and 1:3, respectively (Table I). For a two-state §‘
model, i.e. for receptors existing either in a monomeric or 2 20,
dimeric state, as suggested by the Western blot data (Fig. 3), E
these FRET efficiencies relate to a minimal amount of receptor g -
dimerization of 24 and 30%, respectively (39). Treatment with E )
agonist resulted in increased FRET efficiencies of 21 and 27%, o 104
corresponding to higher levels of dimerization of at least 42 and %
48% under saturation conditions (Table 1), in good agreement e
with values obtained by Western blot. w
To determine whether the high level of basal dimerization 0- 10 9 PR
was caused by receptor overexpression, and to explain the 0 10 107 5x10™ 10
relationship between monomers and dimers, we took advan- SST-14[M]

f the high itivity of FRET lysis for detecti
tage o © Mgn sensiivily o analysis for cetecting Fic. 5. Dose-dependent increase in effective FRET efficiency

dimerization to investigate a second CHO-K1 cell line express-
ing a 5-fold lower concentration of HA-hSSTR5 receptors (B, .,
160 = 30 fmol/mg protein). In contrast to cells overexpressing
HA-hSSTRS5, these cells displayed insignificant effective FRET
efficiencies of 0—1% in the basal state suggesting that mono-
mers predominate in the absence of agonist when the receptor
is expressed at levels in the range of endogenous SSTR concen-
trations (Table I) (40). Treatment with SST resulted in a dose-
dependent increase in FRET efficiencies (Fig. 5) suggesting
that dimerization is induced by agonist binding.
Agonist-dependent Heterodimerization of hSSTR5 with

by SST-14 in CHO-K1 cells expressing relatively low density of
HA-hSSTRS5 (see Table I for D:A = 1:1).

hSSTR1—We next investigated SSTR heterodimerization and
selected hSSTR1 and hSSTR5 to take advantage of their dif-
ferent pharmacological properties. Both receptors bind SST-14
and SST-28, but only SSTR5 and not SSTR1 binds the octapep-
tide SMS-(201-995) (SMS, Octreotide) (22). SSTR5 is internal-
ized by acute agonist exposure, whereas hSSTR1 is resistant to
internalization and is instead up-regulated at the membrane
by prolonged agonist treatment (30, 32, 33). As previously

over 25 cells) was plotted against the proportion of fluorescently labeled mAb. Binding affinity of the rhodamine-labeled mAb was identical to that
of the unlabeled mAb (solid line), whereas it was reduced by a factor of 0.44 for the fluorescein-labeled mAb (dotted line). This relative affinity was
used for determining the minimum level of receptor dimerization as function of FRET efficiency (Equation 2). II, photobleaching of fluorescein
(donor) in absence of rhodamine (acceptor). In this example, cells were treated with 1 um SST-14, and the ratio of donor labeled to unlabeled mAb
was 1:2. a, during donor photobleaching, a sequence of 20 images was acquired, one image every 4 s with exposure time 3 s (only selection shown).
For analysis of the photobleaching decay, only the high intensity membrane region was considered; the low intensity background and intracellular
regions were masked (black). Leftmost, unmasked image of initial donor fluorescence. b, the decrease of fluorescence intensity was analyzed for
each pixel of the unmasked region and fitted to a single exponential decay. The resulting time constants were plotted in the histogram shown. The
average time constant of 18.0 s (black bar) was taken as 7;,_, (see Equation 1). ¢, histograms of fluorescence intensities for the selection of images
in a. d, average fluorescence intensity of each image versus exposure time to excitation light. The monoexponential fit (red) as well as the residue
(green) demonstrate the good approximation of the photobleaching decay by a single exponential. ITI, a, photobleaching of fluorescein presence of
rhodamine. The protocol was the same as in B, except that rhodamine-conjugated mAb was used in place of unlabeled mAb. b, the presence of
rhodamine led to larger donor photobleaching time constants, with an average, 7, 4, of 27.6 s, reflecting FRET between fluorescein and rhodamine.
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Fic. 6. Heterodimerization of SSTR5 and SSTR1. Effect of cotransfecting A318-hSSTR5 mutant with wt hSSTR1 on ligand binding affinity,
adenylyl cyclase coupling, and internalization. A, displacement analysis of A318-hSSTR5 alone (O) (K, 15.6 = 2 nM) compared with that of
A318-hSSTR5/wt hSSTR1 cotransfectants (@) (K;, 8.6 = 0.2 nM). B, effect of SST agonists on forskolin-stimulated cAMP levels. Cotransfected cells
were treated with SMS (#), SST-14 (*), or SCH-275 (A) and compared with A318-hSSTR5 monotransfectants treated with SST-14 (O). C, percent
internalization of *25[-Tyr® SMS by cells expressing A318-hSSTR5 alone (O) compared with A3 18-hSSTR5/wt hSSTR1 cotransfectants (@). For
comparative purposes, wt hSSTR1 monotransfected in CHO-K1 cells displayed B, 229 * 10 fmol/mg protein and K, 0.62 + 0.13 nM, 68 * 4%
maximum inhibition of forskolin stimulated cAMP at 1 uM SST-14 and no internalization of *?°I-LTT-SST-28 radioligand (33). Mean + S.E. of at

least 3 experiments.

reported, up-regulation of SSTR1 is time- and temperature-de-
pendent, reaches saturation at 22 h, and is dependent on mo-
lecular signals in the cytoplasmic C-tail of the receptor (33). To
test for heterodimerization, the A318 hSSTR5 mutant which
binds SMS was cotransfected with wt hSSTR1, which does not
bind SMS (A318 hSSTR5, B, 112 = 12 fmol/mg protein; wt
hSSTR1, B, 96 = 17 fmol/mg protein). We wondered whether
the C-tail of hSSTRI1 in this case would confer adenylyl cyclase
responsiveness to the C-tail deletion mutant. Immunocyto-
chemistry with antipeptide antibodies directed against the
amino-terminal segment of hSSTR1 and hSSTRS5 confirmed
the expression of both receptor proteins in the plasma mem-
brane of the majority of transfected cells (data not shown).
Binding analysis showed a small but significant increase in the
binding affinity of SST-14 for the cotransfectants (Fig. 6A). In
contrast to the A318 hSSTR5 mutant that shows no adenylyl
cyclase coupling, the hSSTR1/A318 hSSTR5 cotransfectants
displayed significant dose-dependent maximum 17 *+ 1.6% in-
hibition of forskolin-stimulated cAMP with 1 um SMS (Fig. 6B).
A slightly greater 23 = 2.4% maximum inhibition was seen
when SST-14, a common agonist, was applied. The reduced
effect of SMS compared with SST-14 may be explained by
putative A318 hSSTR5 dimers that would be expected to bind
but not inhibit adenylyl cyclase. The SSTR1-selective agonist
SCH275 (41) inhibited adenylyl cyclase to a similar extent to
SST-14 suggesting that the C-tail of hSSTRI1 is the limiting
factor in effecting maximum forskolin-stimulated cAMP re-
sponse. In contrast to the ability of hSSTR1 to rescue adenylyl
cyclase coupling of the A318 hSSTR5 mutant, the related SSTR
subtype hSSTR4, which is also SMS-insensitive (22), failed to
heterodimerize with A318 hSSTR5 in similar cotransfection
experiments. This suggests that heterodimerization of SSTRs
is a specific process that is restricted to some but not all
receptor subtype combinations.

Agonist-dependent Internalization of hSSTR1 through Het-
erodimerization with hSSTR5—We next looked at the internal-
ization of hSSTR1/A318 hSSTR5 cotransfectants using as li-
gands *?°I-Tyr® SMS, which binds A318 hSSTR5 but not
hSSTR1, and '?°I-SCH288, which is selective for SSTR1 (41).
Compared with 55 *+ 5.6% internalization of ***I-Tyr® SMS at
60 min by the A318 hSSTR5 mutant alone, the cotransfectants
showed 11 * 3.8% internalization of this ligand (Fig. 6C).
hSSTR1 when expressed alone showed no internalization of its
selective ligand '2°1-SCH288 consistent with the known inabil-

ity of this receptor to undergo agonist-induced internalization
as a monotransfectant (32, 33). hSSTR1 cotransfected with
A318 hSSTR5, however, displayed 15 + 5% internalization of
125]_SC'H288 at 60 min. Since hSSTR1 alone cannot internalize
1251 SCH288, the presence of this radioligand intracellularly
must reflect internalization of hSSTR1/A318 hSSTR5 het-
erodimers. This was further demonstrated by confocal fluores-
cence immunocytochemistry using CHO-K1 cells cotransfected
with wt hSSTR1 and HA-hSSTR5. Both receptors were colocal-
ized on the plasma membrane of nonpermeabilized cotrans-
fected cells (Fig. 7, a—c). As previously reported, hSSTR1 was
predominantly localized over the cell surface when expressed
alone in CHO-K1 cells (Fig. 7g) (33). The hSSTR1 cells perme-
abilized after 60 min treatment at 87 °C with agonist SST-14 (1
uM) showed very poor labeling of cytoplasmic vesicular struc-
tures (Fig. 7h) (33). In contrast, when hSSTR1 was cotrans-
fected with HA-hSSTR5, it underwent internalization in the
presence of agonist and was indeed colocalized with hSSTR5 in
cytoplasmic vesicles of permeabilized cells (Fig. 7, d-f). These
results suggest that although hSSTR1 does not internalize
when expressed alone, it does so when coexpressed with an
appropriate partner, in this case hSSTR5.

Agonist-dependent Up-regulation of hSSTR1 through Het-
erodimerization with hSSTR5—We further investigated ago-
nist-induced up-regulation of hSSTR1 through heterodimeriza-
tion with A318 hSSTR5. hSSTR1 is up-regulated at the
membrane by prolonged (22 h) exposure to SST-14 (33). SMS
does not bind and therefore does not up-regulate this receptor
(Fig. 84). The A318 hSSTR5 mutant bound both SST-14 and
SMS, but neither induced up-regulation. Treatment of the co-
expressed receptors with SMS 1 um for 22 h induced 110 * 16%
up-regulation of cell surface binding comparable with that ob-
tained with 1 pm SST-14 (113 = 23%). Pharmacological anal-
ysis of the up-regulated receptors with radioligand selective for
SSTR1 (25I-SCH288) or SSTR5 (*#°I-Tyr® SMS) showed 92 *
12.5% increase in 2°I-SCH288 binding without any change in
1251 Tyr® SMS binding, thereby identifying hSSTR1 as the
receptor subtype that was up-regulated at the cell surface by
chronic SMS treatment (Fig. 8B). Since SMS does not bind
SSTR1, its ability to up-regulate this receptor must be through
binding to A318 hSSTR5 and association with hSSTR1. Al-
though cross-talk between the receptors at the level of signal-
ing cannot be entirely excluded, this appears unlikely since
deletion of the C-tail of hSSTR5 blocks signaling, at least via
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Fic. 7. Confocal immunofluorescence analysis of wt hSSTR1 and HA-hSSTR5 stably cotransfected in CHO-K1 cells demonstrating
receptor distribution on plasma membrane of nonpermeabilized cells (a-c¢) and in cytoplasmic vesicles in permeabilized cells after
treatment with SMS 1 um (d-f). ¢, fluorescein immunofluorescent images showing HA-hSSTR5 localized on the plasma membrane (green). b,
rhodamine immunofluorescent images of wt hSSTR1 localized on the plasma membrane (red). c, merged image to show colocalization of the two
receptors on the plasma membrane (yellow). d—f, in permeabilized cells, hNSSTR5 (d, green label) and hSSTR1 (e, red label) are colocalized (f, yellow
image) in cytoplasmic vesicular structures. g and &, rhodamine fluorescence of hSSTR1 expressed alone in CHO-K1 cells. hSSTRI is distributed
on the plasma membrane (g) but does not appear in cytoplasmic vesicles in agonist-treated permeabilized cells (k). hSSTR1 is therefore localized

intracellularly with hSSTR5 when coexpressed but not alone.
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FIG. 8. Agonist-induced up-regulation of hSSTR1 through heterodimerization. Cells expressing either wt hSSTR1, A318 hSSTR5, or
both receptors together were incubated with contro! medium (open bars) or medium containing 1 um SMS (black bars) or SST-14 (hatched bars)
for 22 h and subjected to acid wash followed by whole cell binding with different radioligands. A, binding of 2*I-LTT-SST-28 to mono- and
cotransfected cells. B, binding of '*°I-SCH288 and **-Tyr® SMS to cotransfectants. C, up-regulation of endogenous hSSTR1 in MCF7 cells by
treatment with SMS assessed by '*°I-LTT-SST-28 and '*’I-SCH-288 radioligands. Mean + S.E. of 3 experiments.

adenylyl cyclase (30). The ability of a ligand that interacts
selectively with one SSTR subtype to induce up-regulation of
another, noninteractive subtype was also demonstrated in the
case of endogenous SSTRs (Fig. 8C). MCF-7 human breast
cancer cells were found (by RT-PCR) (28) to express mRNA for
several SSTRs with the following relative abundance (com-
pared with actin mRNA): SSTR1 (+++), SSTR2 (+), SSTR3
(+), SSTR4 (—), and SSTR5 (+++). Confocal fluorescence im-
munocytochemistry (26, 27) confirmed the protein expression
of SSTR1,2,3,5 (but not SSTR4) in these cells. Treatment of
MCF-7 cells with 1 um SMS for 22 h induced a significant 109 +
15% increase in membrane SSTRs assessed by whole cell bind-
ing with '?I.LTT-SST-28. Analysis of the up-regulation re-
sponse with '?’I-SCH288 indicated surface recruitment of
hSSTR1 (118 * 22% increase in binding) (Fig. 8C). Since SMS
binds only to SSTR2,3,5, these results, taken together with
those from the hSSTR1/A318 hSSTR5 cotransfection experi-
ments, suggest functional cross-talk in MCF7 cells between
SSTR1 and SSTR5 (and likely between SSTR1 and SSTR2)
through receptor dimerization.

DISCUSSION

The existence of receptor dimers has been proposed for sev-
eral GPCRs, based on studies of cross-linked or solubilized
receptors or on functional complementation of mutant and
chimeric receptors (5-10, 19-21). However, the question of

whether GPCR dimers are necessary for activating or modu-
lating normal receptor function has remained unclear (16, 21).
By using FRET to monitor dimerization directly, as well as
pharmacological and biochemical studies of both mutant and
wild type receptors, here we provide strong evidence that mem-
bers of the SSTR family, undergo agonist-dependent homo- and
heterodimerization and that dimeric association alters SSTR
functions such as ligand binding affinity, internalization, and
up-regulation. We show that hSSTR5 forms heterodimers with
hSSTR1 but not with hSSTR4 suggesting that heterodimeriza-
tion of SSTRs is a specific process that is restricted to some but
not all receptor subtype combinations.

The density of endogenous SSTR expression in receptor-rich
tissues such as the brain, pituitary, pancreas, and adrenals in
the rat measured with a nonspecific radioligand such as '25I-
LTT-SST-28 (which detects all five SSTR subtypes) ranges
between 220 and 360 fmol/mg protein (40). In addition, because
these tissues express all five SSTR isoforms, the concentration
of individual subtypes is likely to be a fraction of this amount.
To determine whether the level of receptor expression influ-
ences dimerization, we initially studied recombinant hSSTR5
overexpressed in CHO-K1 cells and found significant dimeriza-
tion of this receptor in the basal state, both by Western blots
and FRET analysis. At lower levels of transfection correspond-
ing to endogenous SSTR concentrations, however, hSSTR5 oc-
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curred only as a monomer in the basal state as determined by
FRET. Activation by ligand induced receptor homodimeriza-
tion in a dose-dependent manner. The parallel dose-response
curves for ligand-induced dimerization and signaling by
hSSTR5 suggest that dimerization is obligatory for receptor
activation. Furthermore, hSSTR5 formed heterodimers with
hSSTR1. This means that a given SSTR exists in different
states as a monomer (probably inactive), a homodimer, or a
heterodimer with one or more SSTR subtypes. Our results
suggest that the use of high density receptor expression sys-
tems for detecting dimers by Western blots in several earlier
studies may account for the high level of basal dimerization as
an artifact of receptor overexpression and may help to explain
some of the difficulties in interpreting the functional relation-
ship between monomers and dimers (9, 10, 19, 20). The struc-
tural requirements for GPCR dimerization are unknown al-
though several dimerization interfaces have been proposed
such as the extracellular amino-terminal domain for the glu-
tamate and calcium-sensing receptors (42, 43), the intracellu-
lar third loop and the VIth transmembrane domain for the
B-adrenergic and dopamine receptors (9, 15, 16), and the C-tail
for the GABA-B receptor (11-14, 21). In the case of SSTRs, the
C-tail is clearly not required given the ability of SSTR1 and
SSTR5 to form homo- and heterodimers with the C-tail deletion
mutant of hSSTR5.

There are a number of functional consequences of dimeriza-
tion by SSTR and other GPCRs. A given agonist may bind with
different affinities to a given SSTR depending on its oligomeric
configuration. A receptor may undergo regulatory responses in
the absence of ligand, for instance by an agonist that binds
selectively to one subtype and that modulates the internaliza-
tion or up-regulation responses of another subtype(s) through
heterodimerization. hSSTR1 internalized only as a het-
erodimer but not when expressed alone suggesting that coex-
pression of this receptor with hSSTR5 or possibly another
subtype(s), as occurs endogenously, is a crucial determinant of
its agonist-dependent regulatory responses. The ability of SMS
to up-regulate endogenous hSSTR1 by binding to hSSTR5 as
shown here may explain the clinical observation of why pro-
longed treatment of individuals with SMS leads to an escape
from the acute effects of the drug (44). This is because up-
regulation of receptors such as hSSTR1 may compensate for
the desensitized responses of other subtypes interacting with
SMS to maintain normal SST responsiveness in target cells
such as those in the pituitary and islets that coexpress all of
these subtypes (26, 27). Such direct protein interaction be-
tween different members of the SSTR subfamily, and possibly
between SSTR and related receptor families, defines a new
level of molecular cross-talk between GPCRs for greater func-
tional diversity.
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Activation of initiator and effector caspases, mito-
chondrial changes involving a reduction in its mem-
brane potential and release of cytochrome ¢ (cyt ¢) into
the cytosol, are characteristic features of apoptosis.
These changes are associated with cell acidification in
some models of apoptosis. The hierarchical relationship
between these events has, however, not been deci-
phered. We have shown that somatostatin (SST), acting
via the Src homology 2 bearing tyrosine phosphatase
SHP-1, exerts cytotoxic action in MCF-7 cells, and trig-
gers cell acidification and apoptosis. We investigated
the temporal sequence of apoptotic events linking
caspase activation, acidification, and mitochondrial
dysfunction in this system and report here that (i) SHP-
1-mediated caspase-8 activation is required for SST-in-
duced decrease in pH;. (ii) Effector caspases are induced
only when there is concomitant acidification. (iii) De-
crease in pH, is necessary to induce reduction in mito-
chondrial membrane potential, cyt ¢ release and
caspase-9 activation and (iv) depletion of ATP ablates
SST-induced cyt ¢ release and caspase-9 activation, but
not its ability to induce effector caspases and apoptosis.
These data reveal that SHP-1-/caspase-8-mediated acid-
ification occurs at a site other than the mitochondrion
and that SST-induced apoptosis is not dependent on
disruption of mitochondrial function and caspase-9
activation.

Apoptosis is a physiological process of cell death indispensa-
ble for the maintenance of multicellular organisms. This proc-
ess drives the cell into self-destruction via a common execution
pathway. The cellular machinery utilized for this process cre-
ates distinct apoptotic features of cell shrinkage, cytoplasmic
and nuclear condensation, membrane blebbing, chromatin
compaction, and fragmentation of chromosomal DNA into 180-
base pair multimers. A central event in the process of apoptosis
is the activation of cysteine aspartate proteases (caspases) (1).
Active caspases consist of dimeric complexes of ~20- and 10-
kDa fragments derived from the procaspases that exist as
inactive zymogens by internal proteolytic cleavage at cysteine-
aspartate sites (2). Mammalian caspases can be divided into
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initiator (e.g. caspases 2, 8, 9, 10) and effector (caspases 3, 4, 5,
6, 7, 11, 12, and 13) enzymes. A feature of apoptosis that
impinges on caspases is altered mitochondrial function charac-
terized by a reduction in the electrochemical gradient across
the mitochondrial membrane (Ay,)! and release of mitochon-
drial cyt ¢ into the cytoplasm (3-15). Cyt ¢ is necessary for
caspase-9 activation (16, 17). Caspase-9 can function as an
initiator caspase when mitochondrial dysfunction is the pri-
mary event in apoptosis, whereas it serves to amplify the
apoptotic signaling of other initiator caspases under conditions
in which disruption of mitochondria is a late event (16-19).
In some models of apoptosis activation of caspases is associ-
ated with intracellular acidification (20-23). The question of
whether intracellular acidification is necessary for inducing
caspases or occurs merely as a consequence of caspase activa-
tion has remained an issue of debate (24-32). For instance,
contradictory reports suggest that the pan-caspase inhibitor
z-VAD-fmk prevents decrease in pH;, whereas acidification per
se was found to activate z-VAD-fmk-sensitive caspases (27, 32).
Since z-VAD-fmk inhibits both initiator and effector caspases,
its use does not allow differentiation between caspases that
may be activated in a pH;-sensitive and -insensitive manner
during apoptosis associated with acidification. The temporal
relationship between mitochondrial dysfunction and acidifica-
tion has not been definitively established, although it was
reported recently that loss of Ay, may trigger a decrease in
intracellular pH (pH,) in hematopoietic cells (27, 32).
Somatostatin (SST) receptor (SSTR)-mediated cytotoxic sig-
naling triggers acidification and apoptosis in MCF-7 and T47D
breast cancer cells: prevention of acidification by pH clamping
inhibited its ability to induce apoptosis (33-35). Translocation
of the tyrosine phosphatase SHP-1 from the cytosol to the
membrane is an early and essential event in SST-induced cell
acidification and apoptosis (34-36). When ectopically ex-
pressed, SHP-1 lowered the resting pH; of MCF-7 cells (pH; =
7.07 versus '7.25 in cells transfected with the empty vector), and
amplified not only the cytotoxic action of SST, but also acidifi-
cation-induced apoptosis. Moreover, agonist-induced acidifica-
tion and acidification-induced apoptosis were both inhibited by
the dominant negative suppressive effect SHP-1C4558S (35). In
the present study we undertook to delineate the temporal se-
quence of activation of different caspases in relation to cellular
acidification and mitochondrial dysfunction during SST-in-
duced apoptosis in MCF-7 cells. We present evidence demon-
strating that caspase 8 activation is necessary for intracellular
acidification to occur during SST-induced apoptosis and that
the effector caspases are induced only as a consequence of the

! The abbreviations used are: Ay,,, mitochondrial membrane poten-
tial; eyt ¢, cytochrome ¢; DiOC4(3), 3,3'-dihexyloxacarbocyanine iodide;
NHE, Na*/H"* exchanger; pH,, intracellular pH; SST, somatostatin.
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decrease in pH;. Moreover, the reduction in Ay,, and the re-
lease of cyt ¢ into the cytosol from the mitochondria also occur
distal to acidification. Depletion of ATP prevented the activa-
tion of caspase-9 but only partially inhibited its ability to acti-
vate the terminal caspases and induce apoptosis. These data
suggest that SST-induced, acidification-dependent, apoptosis is
not dependent on mitochondrial dysfunction.

MATERIALS AND METHODS

The MCF-7 cell line (clone HTB22) was obtained from ATCC. Special
reagents were obtained from the following sources: [p-Trp®]SST-14
(Bachem, Torrance, CA); annexin-V labeling kit (Roche Diagnostics,
Montreal, CA); nigericin (ICN, Costa Mesa, CA). Carboxy-SNARF-1
acetoxymethyl ester and 3,3’-dihexyloxacarbocyanine iodide (DiOCg(3))
(Molecular Probes, Eugene, OR). Aminomethylcoumarin derivatives
(caspase substrates) and aldehyde derivatives (caspase inhibitors) of
tetrapeptide sequences that are recognized by distinct caspases: IETD
(caspase-8), LEHD (caspase-9), and DEVD (caspases-3/-7) (BioMol Re-
search Laboratories, Plymouth Meeting, PA). Antibodies against the
different caspases and cyt ¢ were purchased from Pharmingen (San
Diego, CA). All other reagents used were of analytical grade and were
obtained from regular commercial sources.

Cell Culture and Incubation Conditions—Cells were plated in 75-cm?
culture flasks and grown in minimal essential medium containing non-
essential amino acids and supplemented with 10% fetal bovine serum.
Cells were incubated in the presence or absence of 100 nu [p-Trp®|SST-
14 for different time periods as indicated. To examine the effect of direct
acidification, cells were incubated in medium supplemented with 140
mM K* and 10 nM nigericin. Caspase inhibitors were dissolved in
dimethyl sulfoxide and used at 1:1000 dilution to yield a final concen-
tration of 50 mg/ml. Depletion of intracellular ATP was achieved in
glucose-deprived cells by inhibiting F(/F,-ATPase with oligomycin (37).
Briefly, cells were incubated with 10 mM oligomycin in glucose-free
Dulbecco’s modified Eagle’s medium (Canadian Life Technologies,
Guelph, Ontario) supplemented with 50 mM malic acid, 2 mm gluta-
mate, 1 mM sodium pyruvate, 10 mmM HEPES/Na* (pH 7.4), 0.05 mm
B-mercaptoethanol, and 10% dialyzed fetal bovine serum as described
by Eguchi et al. (38) prior to peptide treatment. Cellular ATP was
measured using a commercial luciferase luminescence assay kit (Sig-
ma). The ATP concentration decreased by >83 *+ 6% (n = 4) following
oligomycin treatment (data not shown).

Detection of Apoptosis—Apoptosis was determined by annexin-V pos-
itivity using the annexin-V-FLUOS kit (Roche Diagnostics, Montreal,
Canada) or by the presence of oligonucleosomal DNA fragments as
described previously (34, 35, 39). Cells labeled with fluorescein isothio-
cyanate-conjugated annexin-V and propidium iodide were analyzed by
flow cytometry in a Becton Dickinson Vantage Plus flow cytometer. A
5-watt argon laser generating light at 351-363 nm was used as the
excitation source and fluorescein isothiocyanate fluorescence was de-
tected with a 560-nm short pass dichroic filter while propidium iodide
fluorescence was detected using a 610-nm long pass filter. At least
10,000 gated events were recorded for each sample and the data ana-
lyzed by Winlist software (Verity Software House, ME). To assess DNA
fragmentation, DNA was extracted twice with phenol/chloroform and
once with chloroform from cells incubated in lysis buffer (500 mm
Tris-HCI (pH 9) containing 2 mm EDTA, 10 mMm NaCl, 1% SDS, and 1
mg/ml proteinase K) at 48 °C for 30 h. DNA extracts were incubated
with 300 pg/ml bovine pancreatic RNase A at 37 °C for 1 h and 10-pg
aliquots of DNA samples containing 10 pg/ml ethidium bromide were
subjected to electrophoresis on 1.2% (w/v) agarose gels using the Hoefer
Switchback™ pulse controller and visualized under UV light.

Measurement of Intracellular pH—For measuring intracellular pH,
cells were loaded with 10 uMm acetoxymethylester derivative of SNARF-1
for the final hour of incubation in the absence or presence of 100 nm
[D-Trp®ISST-14 at 87 °C (39). The cells were then scraped, washed, and
maintained at 37 °C. Intracellular carboxy SNARF-1 was excited at 488
nm and emission was recorded at both 580 and 640 nm with 5-nm band
pass filters with linear amplifiers in a Becton-Dickinson FACStar Van-
tage cytometer. The ratio of the emissions at these wavelengths was
electronically calculated and used as a parameter indicative of pH,. The
intracellular pH values were estimated by comparison of the mean
ratios of the samples to a calibration curve of intracellular pH gener-
ated by incubation of carboxy-SNARF-1 loaded cells in buffers ranging
in pH from 8.0 to 6.25 and containing the proton ionophore nigericin
(33). Cells with fluorescence of <50 units were excluded in the calcula-
tion of the ratio of the emissions at 580 and 640 nm.

Measurement of Mitochondrial Membrane Potential—DiOCq(3) (50

nM final concentration) was added to the cells 15 min prior to the
completion of incubation. The cells were then washed to remove excess
fluorochrome, scraped, and maintained at 37 °C. DiOCg(3) fluorescence
was measured in a EPICS 750 series Flow Cytometer (Coulter Elec-
tronics, Hialeah, FL) with the excitation and emission wavelengths set
at 488 and 520 nm, respectively. At least 10,000 events were recorded
for each sample and the data analyzed by WinList Program (Verity
Software House, Topsham, ME).

Subcellular Fractionation and Western Blotting—Cells were washed
in phosphate-buffered saline and resuspended in 500 ml of a buffer
containing 25 mM Hepes-KOH buffer (pH 7.4) containing 10 mm KCI,
1.5 mm MgCl,, 5 mM EDTA, 1 m M EGTA, 2 mM dithiothreitol, 250 mm
sucrose, 0.2% Triton X-100, and protease inhibitor mixture (Roche
Diagnostics, Montreal, CA). The cells were homogenized in a Pyrex
homogenizer using a type B pestle. Cell debris and nuclei were removed
by centrifugation at 1,000 X g for 10 min at 4 °C. Mitochondrial fraction
was then pelleted by centrifugation at 10,000 X g for 20 min. The
supernatant obtained at this stage was re-centrifuged at 40,000 X g for
1 h to obtain cytosolic fraction.

Thirty micrograms of cytosolic fractions prepared from cells incu-
bated under different experimental conditions were subjected to SDS-
polyacrylamide gel electrophoresis. The separated proteins were blotted
onto nitrocellulose membranes and subjected to immunoblot analysis
for cyt ¢, or caspases-8, -9, -3, and -7.

Measurement of Caspase Activity—Activities of caspases were meas-
ured in the lysates measuring the in vitro hydrolysis of DEVD-AMC
(caspases-3 and -7), IETD-AMC (caspase-8), and LEHD-AMC
(caspase-9) (40, 41). The fluorescence of the aminomethylcoumarin re-
leased from the substrates was measured in a Perkin-Elmer spec-
trofluorimeter with the excitation and emission wavelengths set at 380
and 460 nm, respectively. Enzyme activity was quantitated against a
standard fluorescence curve generated using aminomethylcoumarin
over a concentration range of 0-1000 nM.

RESULTS

In order to determine the hierarchy of caspase activation
during acidification-dependent apoptosis we measured the
time course of [D-Trp®]SST-14-induced changes in enzyme ac-
tivities using substrates that display specificity for initiator
and effector caspases in vitro: IETD-AMC (caspase-8) and
DEVD-AMC (caspases-3/-7) respectively. In cells incubated
with 100 oM [p-Trp®]SST-14 a concentration which induced
maximal apoptosis (35, 39), the IETD-AMC hydrolyzing activ-
ity was maximal by 3 h (6-fold increase over the basal value of
0.5 nmol/mg protein, Fig. 1), but had fallen to basal levels by
24 h. By contrast, DEVD-specific caspase activity increased by
<3-fold during SST treatment but continued to increase and
remained elevated even at 24 h (1.21 = 0.14 and 3.61 * 0.7,
respectively, compared with 0.45 = 0.05 nmol/mg protein in
untreated control cells). When acidification was prevented by
pH clamping by the inclusion of nigericin, SST-induced in-
crease in IETDase was unaffected whereas its ability to induce
DEVDase activity was completely inhibited (Fig. 2). We next
examined the effect of selective inhibitors of these caspases on
SST-induced acidification and apoptosis. IETD-CHO (the tet-
rapeptide aldehyde inhibitor of caspase-8) prevented the de-
crease pH; in SST-treated cells whereas DEVD-CHO (the
caspase-3/-7 inhibitor) was without effect (Fig. 34). By con-
trast, the ability of SST to induce apoptosis was suppressed by
both inhibitors as confirmed by DNA fragmentation analysis
(Fig. 3B) and by annexin-V positivity (not shown). The tempo-
ral sequence of activation of the different caspases during
[p-Trp8]SST-14-induced apoptosis was confirmed by measuring
the effect of each of the caspase inhibitors on the activities of
other caspases (Fig. 4). IETD-specific caspase activation by
SST was unaffected by DEVD-CHO (Fig. 4A) but the inductive
effect of SST on DEVD-specific caspase activity was totally
inhibited by IETD-CHO (Fig. 4B).

Mitochondrial dysfunction characterized by a reduction in its
transmembrane potential (A¥,,) and release of cyt ¢ into the
cytosol, are characteristic features of apoptosis (6, 9, 10, 42, 43).
An important arm of apoptotic signaling involves cyt ¢-depend-
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Fic. 1. [D-Trp®1SST-14-induced activation of caspase-8 (IETD-
ase) precedes that of caspases-3/-7 (DEVDase) in MCF-7 cells.
Enzyme activities were measured using the aminomethylcoumarin de-
rivatives of the tetrapeptide substrates in extracts of cells incubated
with 100 nM peptide at the indicated times. IETDase activity was
maximal at 3 h, and declined to basal level by 24 h (top panel). By
contrast, DEVDase activity was maximal at 24 h (bottom panel).
Values represent nanomole of aminomethylcoumarin liberated from
the substrates during 30 min incubation with cell extracts in vitro
and was quantitated against the fluorescence readings of serially
diluted aminomethylcoumarin as described under “Materials and
Methods” (mean = S.E., n = 6).
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Fic. 2. Effect of pH clamping on caspase activation.
[D-Trp®ISST-14 induced increase in caspase-8 (IETDase) activity was
not affected by the prevention of acidification by nigericin (top panel)
whereas pH clamping prevented the increase in caspase-3/-7 (DEV-
Dase) activity (bottom panel). Enzyme activities were measured after
4 h (IETDase) or 24 h (DEVDase) treatment (mean * S.E., n = 6).

ent activation of caspase-9. Cyt ¢ released from the mitochon-
dria complexes with APAF-1 (the mammalian homolog of the
pro-apoptotic protein CED-4 of Caenorhabditis elegans) and
procaspase-9. Such activation of caspase-9 has been reported to
be necessary for the full expression of nuclear apoptotic events
(44). To determine whether mitochondrial dysfunction precedes
or follows acidification, we compared the effects of pH clamping

Fic. 3. Differential effects of caspase-inhibitors on
[D-Trp®1SST-14-induced acidification, but not on apoptosis in
MCF-7 cells. A, the decrease in pH, in cells incubated with 100 nm
peptide for 24 h was prevented by the caspase-8 inhibitor IETD-CHO,
but not by the caspase-3/-7 inhibitor, DEVD-CHO (mean * S.E., n = 6).
B, oligonucleosomal DNA fragmentation in peptide-treated cells was
completely inhibited by both IETD-CHO and DEVD-CHO (figure rep-
resentative of four different experiments).

4 A

@

IETD-ase activity

(nmol/mg proteln)
N

0_
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34

DEVD-ase activity
(nmol/mg protein)
N

0.
D-Trp* SST-14 - + +
{ETD-CHO - - +

Fic. 4. Inhibition of DEVDase does not prevent [D-Trp®lSST-
14-induced activation of IETDase, whereas inhibition of IETD-
ase abrogates induction of DEVDase. A, extracts of cells incubated
with 100 nM peptide = DEVD-CHO for 4 h were assayed for IETDase
activity or for 24 h = IETD-CHO for DEVDase assay (mean + S.E.,
n = 6).

and different caspase inhibitors on Ay, cyt ¢ release, and
caspase-9 activation in SST-treated cells. SST induced a de-
crease in Ay, in MCF-7 cells (Fig. 5A). Inhibition of acidifica-
tion by pH clamping totally abrogated the ability of SST to
decrease Ay,,. Maximal effect was seen at 6 h when 48 + 7% of
SST-treated cells displayed a significant reduction in Ay, com-
pared with the untreated control (Fig. 5B). Additionally, loss of
Ay, during SST treatment was prevented almost completely
by IETD-CHO but was decreased only by 23 + 3% by DEVD-
CHO (Fig. 5B). A marked increase in cytosolic cyt ¢ content was
seen in SST-treated cells (Fig. 6). Such an increase did not
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FiG. 5. [D-Trp®]SST-14-induced reduction in Ay, is acidifica-
tion-dependent. A, cells were incubated for 6 h in the absence (panel
1) or presence of 100 nM peptide (panel 2) in regular medium or with the
peptide in nigericin containing medium (panel 3), labeled with DiOC(3)
and analyzed by flow cytometry. Representative recordings of six sep-
arate measurements are shown. The reduction in Ay, in peptide-
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FiG. 6. [D-Trp®]SST-14-induced increase in cytosolic cyt ¢ pre-
cedes the activation of DEVDase. 30-mg protein aliquots from cy-
tosolic extracts of cells incubated in the absence and presence of 100 nm
[D-Trp®]SST-14 alone or with the indicated inhibitors were subjected to
immunoblot analysis following electrophoresis and membrane transfer.
Nigericin and IETD-CHO, but not DEVD-CHO, prevented [p-Trp®]SST-
14-induced increase in cyt c.

occur when acidification was prevented by pH clamping. SST-
induced increase in cytosolic cyt ¢ was completely suppressed
by IETD-CHO but was not inhibited by inhibition of effector
caspases by DEVD-CHO. We measured the caspase-9 activity
in extracts of cells incubated with SST using the tetrapeptide
substrate LEHD-AMC, a substrate with reported caspase-9
selectivity (41). LEHD-specific caspase activity was induced by
SST in MCF-7 cells in an acidification-dependent manner (Fig.
7). Inhibition of caspase-9 activity with LEHD-CHO did not
affect SST-induced loss of Ay, or the release of cyt ¢ into the
cytosol (not shown).

Cyt c- and APAF-1-mediated activation of caspase-9 is an
energy-dependent process requiring ATP (45, 46). In order to
establish the extent to which SST-signaled apoptosis is medi-
ated via ATP-dependent caspase-9 activation, we tested the
effect of depleting intracellular ATP on the cytotoxic signaling
of SST. In ATP-depleted cells, SST failed to activate LEHDase
(Fig. 8A). ATP depletion also inhibited SST-induced increase in
cytosolic ¢yt ¢ (Fig. 8B). By contrast, ATP depletion decreased
the inductive effect of SST on DEVDase activity only by 9 1%
(Fig. 8C). Likewise ATP depletion had minimal effect on the
extent of apoptosis. Following 4 h treatment with SST, the
number of annexin-V positive cells was 8.8 + 1.5% in ATP-
depleted and 12.1 * 1.1% in ATP-replete MCF-7 cells. Precise
quantitation of the long term effect of ATP depletion on SST-
induced apoptosis was not possible because of significant ne-
crosis (as determined by the presence of cells labeled with both
propidium iodide and annexin V (data not shown)).

Immunoblot analysis confirmed the pH-independent gener-
ation of active caspase-8 (IETD-AMC-specific) by the formation
of the 20-kDa caspase-8 fragment from the 50-kDa pro-
caspase-8 in [D-Trp®1SST-14-treated cells. Inhibition of acidifi-
cation by pH clamping did not prevent activation of caspase-8
(Fig. 9). By contrast, generation of the 20-kDa fragments of
caspase-3 and caspase-7 (DEVD-AMC-specific proteases) from
procaspase-3 (32 kDa) and procaspase-7 (35 kDa) and of
caspase-9 (LEHD-AMC-specific) from procaspase-9 (48 kDa)
occurred only if acidification was present.

The present finding that caspase-8 precedes the onset of
acidification prompted us to assess the importance of SHP-1 in
the activation of IETDase and DEVDase by [p-Trp®]SST-14 and
by direct acidification. IETDase activity was higher in
[0-Trp®]SST-14 SST-treated cells expressing SHP-1 compared
with the empty vector (3.75 = 0.5 = 3.1 * 0.4 nmol/mg protein,
Fig. 10, top panel). Likewise, agonist-induced increase in DEV-

treated cells is evident from the decrease in the number of cells with the
resting potential as well as from the appearance of the distinct peak of
cells with lower DiOCq4(3) fluorescence (panel 2). Inhibition of acidifica-
tion prevented the ability of [D-Trp®ISST-14 to decrease Ay, (compare
panels 3 and 1). B, quantitation of the effect of pH clamping, IETD-CHO
and DEVD-CHO on p-Trp®-induced reduction in Ay, (mean * S.E., n =
6). The effect of the peptide was only partially inhibited by DEVD-CHO,
whereas it was completely abolished in the presence of IETD-CHO
similar to that seen in cells clamped at physiological pH in the presence
of nigericin. *, p < 0.001; **, p < 0.01.

————
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Fic. 7. Activation of caspase-9 (LEHDase) by [D-Trp®]SST-14 is
attenuated by inhibition of acidification. Cells were incubated as
described in the legend for Fig. 2B (mean * S.E., n = 6).
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Fic. 8. Effect of ATP depletion on [D-Trp®ISST-14-induced cy-
totoxic signaling. ATP-depleted cells were prepared by incubating
with oligomycin in glucose-free medium for 1 h. Control and ATP-
depleted cells were incubated for 4 h in the absence (lanes I and 3) or
presence of 100 nM peptide (lanes 2 and 4). A, LEHDase activation by
the peptide seen in control cells was completely abolished by ATP-
depletion (compare lanes 2 and 4). B, [p-Trp®lSST-14-induced increase
in cytosolic cyt ¢ was also inhibited by ATP depletion.

Dase activity was also higher in cells expressing SHP-1 (3.72 +
0.43 versus 2.45 * 0.36 nmol/mg protein in control vector-
transfected cells, Fig. 10, bottom panel). As shown in this fig-
ure, SHP-1C4558S suppressed the ability of [D-Trp®1SST-14 SST

Caspase-8-mediated Acidification Precedes Mitochondrial Dysfunction
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Fic. 9. Immunoblot analysis demonstrating differential pH
sensitivity of caspase activation. Formation of the 20-kDa active
caspase from the inactive procaspase-8 induced by [p-Trp®]SST-14-
mediated cytotoxic signaling was pH-independent. By contrast, the
formation of the 20-kDa fragments from procaspases-9, -7, and -3 in
peptide-treated cells was prevented by inhibition of acidification by
nigericin (data representative of four independent experiments).
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2
F1e.10. SHP-1 dependence of caspase activation by
[D-Trp®ISST-14 in MCF-7 cells. The ability of the peptide to induce
both IETDase (top panel) and DEVDase (bottom panel) during the 4-h
incubation was higher in SHP-1 expressing cells compared with the

empty vector control (VC) cells, and was abolished by the dominant
negative effect of SHP-1C455S. Mean + S.E., n = 3).

to activate both enzymes. Interestingly, basal activities of IET-
Dase and DEVDase (0.85 * 0.07 and 0.93 * 0.1 nmol/mg
protein, respectively) were slightly higher in cells overexpress-
ing the wild type SHP-1. When subjected to direct acidification,
IETDase activity was minimal in all three cell types (Fig. 11).
In SHP-1 expressing cells, IETDase activity was lower than
that seen under basal conditions at pH 7.2 (0.63 % 0.07 versus
1.12 *+ 0.14 nmol/mg of protein, respectively, compare Figs. 10
and 11). By contrast, DEVDase activity was higher in both
vector control and SHP-1-transfected cells (2.45 = 0.3 and 3.57
* 0.5 nmol/mg of protein, respectively). The dominant negative
effect of SHP-1C455S completely abolished the acidification-
induced increase in DEVDase activity. Finally we assessed the
role of SHP-1 in [p-Trp®)SST-14-induced reduction in Ady,,.
While the maximum number of cells that displayed decreased
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Fic. 11. Acidification-induced activation of DEVDase (speck-
led bars) in SHP-1-expressing MCF-7 cells was higher than that
in control vector (VC)-transfected cells. SHP-1C455S suppressed

acidification-induced increase in DEVDase activity. Acidification had
no effect on IETDase activity (solid bars) in all three cell types.

Ay, was the same in both control vector and SHP-1 transfected
cells following incubation with [D-Trp®]SST-14, the rate of re-
duction in Ay was increased by ectopically expressed SHP-1
reaching maximal level by 90 min, a time point at which only
12% of the control vector-transfected cells displayed decrease in
Ay, (Fig. 12). In SHP-1C455S-transfected cells no decrease in
Ay, occurred even after 24 h treatment with [D-Trp®SST-14.

DISCUSSION

In this study we demonstrated that the cytotoxic signaling of
SST in MCF-7 cells activates multiple caspases and that SHP-
1-dependent activation of caspase-8 precedes the decrease in
pH, whereas acidification is necessary for the induction of the
effector caspases. In accordance with this was the finding that
inhibition of SST-induced acidification by pH clamping with
nigericin did not affect SST-induced activation of caspase-8
while it completely abrogated the induction of the other
caspases. Likewise, inhibition of caspase-8 by IETD-CHO pre-
vented SST-induced acidification and activation of terminal
caspases. By contrast, LEHD-CHO and DEVD-CHO did not
prevent a SST-induced increase in caspase-8 activity and the
decrease in pH;. Moreover, SST-induced increase in caspase-8
activity peaked by 3 h and declined thereafter paralleling the
previously reported time course of acidification (35). The distal
caspases, in contrast, displayed sustained increase in activity.
These data demonstrate that caspase-8 activation is required
for SST-induced acidification and, additionally, that its activity
is pH; sensitive. This is supported by the finding that the
20-kDa fragment derived from procaspase-8 was present in
cells with acidic pH; during SST treatment. By contrast, the
generation of caspases-9, -3, and -7 from the respective pro-
caspases occurred only when there was acidification. The de-
tection of caspase-3 in the HTB22 clone of MCF-7 cells used in
the present study contrasts with its reported absence in other
clones of this cell line due to a 47-base pair deletion within the
exon 3 of the caspase-3 gene (47, 48).2 We found that acidifica-
tion per se was sufficient to activate the effector caspases in the
absence of a detectable increase in caspase-8 activity. While
this suggests that acidification may trigger the activation of the
effector caspases directly, the possibility that transient activa-
tion of caspase-8 during rapid acidification may suffice to in-
duce these caspases cannot be ruled out. The finding that
SHP-1 is required not only for the induction of IETDase by SST
but also of DEVDase by cell acidification reinforces the idea
that SHP-1 modulates the apoptotic events both before and
after cell acidification (34). The phosphatase-dependent pro-
cesses that lead to caspase activation remain to be delineated.

2 R. U. Janicke, personal communication.

E 40

2 60 SHP-1

o

9

G 50-

o

o

o L

T 207

£ Control

E ’ '

= SHP-1C4555
2 10/ —n
0

s

2 0-

D-TrgPSST-14 -+ - + - o+

Fic. 12. SHP-1 dependence of [D-Trp®ISST-14-induced reduc-
tion in Ay,,. Cells were incubated with 100 nm peptide for 90 min prior
to measurement of Ays,,. [D-Trp®]SST induced reduction in in Ay, was
seen in 53 = 4% of SHP-1 expressing cells whereas only 12.8 = 1% of
vector control (VC) cells displayed a reduction mitochondrial membrane
potential. In cells expressing SHP-1C4558, the peptide failed to trigger
the loss of mitochondrial membrane potential (mean £ S.E.,, n = 4).

Caspase-8 can activate caspases-3 and -7 directly and/or
through induction of caspase-9 (17, 18, 45, 49). In order to
assess the relative importance of caspase-9 in the cytotoxic
signaling of SST, we compared the effect of SST in control and
ATP-depleted MCF-7 cells. SST was unable to activate
caspase-9 in ATP-depleted cells, but was still capable of acti-
vating DEVDase and inducing apoptosis. Thus, SST-induced
apoptosis in MCF-7 cells involves caspase-8-mediated direct
activation of terminal caspases as well as an amplifying effect
mediated through mitochondrial dysfunction and consequent
activation of caspase-9. These data support the concept that
caspase-8 can activate apoptotic pathways involving effector
caspases through both mitochondria-dependent and -independ-
ent pathways (17, 44, 50-54). The extent of SST-induced ap-
optosis was 34 * 5% lower in ATP-depleted cells, an effect that
could be accounted for by the loss of caspase-9-mediated acti-
vation of the terminal caspases and/or the loss of effector
caspase-mediated activation of caspase-9. We found that
DEVD-CHO only partially suppressed the effect of SST on A,
and cyt c release suggesting that mitchondrial dysfunction may
be caused to some extent by the action of the effector caspases
as demonstrated previously in an in vitro model (10).

We showed that intracellular acidification precedes the onset
of reduction in A¢s,, in MCF-7 cells exposed to the cytotoxic
action of SST. Likewise, release of cyt ¢ from the mitochondria
and LEHDase activation was observed in cells subjected to
direct acidification (details not shown). This is in contrast to
the report that mitochondrial permeability transition causes
acidification during valinomycin-induced apoptosis in hemato-
poetic cells (55). It is possible that the cause and effect rela-
tionship between mitochondrial dysfunction and cell acidifica-
tion may be cell type-dependent. Indeed the existence of two
cell types in which caspase-8 can trigger apoptosis without
invoking mitochondrial dysfunction (type I cells) and those in
which apoptosis is induced predominantly in a mitochondria-
dependent manner (type II cells) has been described (51). The
fact that mitochondrial dysfunction occurs late and is inconse-
quential in SST-signaled apoptosis adds credence to this idea.
This is supported by the recently reported finding that ATP-
dependent steps in Fas-mediated apoptosis in Type I cells are
located downstream of caspase-3 (56).

The mechanism of SHP-1-/caspase-8-mediated inhibition of
pH homeostasis remains to be elucidated. We have previously
shown that amiloride and bafilomycin-1, which inhibit Na*/H"*
exchanger (NHE) and H"-ATPase, respectively, trigger acidi-
fication and apoptosis in MCF-7 cells. Inhibition of NHE low-
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ered the pH;, to a greater extent than inhibition of H*-ATPase.
(34). This raises the possibility that SHP-1 and caspase-8 me-
diated signaling may generate or unmask molecule(s) that may
disrupt proton extrusion pathways involving these channels.
The finding that SST-induced acidification does not occur at
the mitochondria suggests that it inhibits the regulation of
proton transport through NHE and H*"-ATPase either at the
cell membrane or some other subcellular locus. The existence of
multiple NHE isoforms and their differential localization at the
cell membrane (e.g. NHE-1 and NHE-2) or at the endoplasmic
reticulum-nuclear envelope and endosomes (e.g. NHE-3) (57)
raises the possibility that SST may inhibit some or all of the
NHEs. Our present findings suggest that SHP-1- and caspase-
8-mediated disruption of pH homeostasis may target these
proton extrusion pathway(s). Studies are currently in progress
to identify the subcellular site(s) and the underlying mecha-
nism involved in SST-induced acidification.

In summary, these findings help define the temporal se-
quence of events that link the initiator and effector caspases
with inhibition of pH homeostasis and mitochondrial dysfunc-
tion in acidification-dependent apoptosis. We demonstrated
that (i) SHP-1-dependent activation of caspase-8 is required for
SST-induced decrease in pH; while SHP-1-dependent activa-
tion of effector caspases is necessary for acidification-induced
apoptosis. (i1) Mitochondrial dysfunction and activation of ef-
fector caspases occur distal to acidification and (iii) caspase-9 is
not essential for SST-induced apoptosis to occur but, when
induced, can amplify the cytotoxic signaling of SST.
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~ Somatostatin (SST) was first found in the marmmalian hypothal-
| amus’as a_tetradecapeptide (SST-14),>which inhibited the
release of growth hormoné (GH). It has since comé to be known
s A multifunctionial hormone that is alsd produced throughout -
the *entral inervous”system “arid - in“most" peripheral organs.
‘Somatostatin*acts“on a' diverse arraylof éndocrinie, eXoctine,”
“nétironial, And immuine cell fargets to inhibit secretion; t6 modu-
Tafe oSN £ Ho. regulateSell ‘gromth AThes
ctions are mediated bya family of G-protein“coupled recep-’
‘tors with five distinct subtypes (termed SSTR1 through SSTR5).”
SST. is best régarded s 'an’eridogenous inhibitory regilator of .-
the secretory afid proliferative responisés' of many dif :
et cells.' In"addition,’the peptide may be of importance in the

mation,Alzheimer fand Hintington diseases,*and ‘acquired
immuriddeficiency syndromé' (AIDS), and has found a number ~
‘of clinical applications in'thé diagnosis and treatment of neu-
roendocrine tunors and various gastrointestinal disorders.8,2.. -

D sl g a3 et Yy

- operate in concert with'CRE 5 provide high-level co
S,

ve responisés of many different tar- - (Fig. 169-2). Th 5-upstréam region contains a number of ¢
n ( i " latory“eleménts™ for " tisstie-specific and ‘extracellular signals
pathophysiology of several diséases stch as'neoplasia; inflam- . .

238bp %";‘ 367bp T3,
FIGURE 169-2. Schematic depiction of the rat soinatostaﬁ)x'\‘éégéﬁ dits . "
regulatory domains. The messenger RNA coding regiori consists of two .
exons of 238 and 367 base pairs (bp) separated by an’intron of 621 bp.
Located upstream (i.e., 5' end) from the start site of mRNA transcription . .- |

(arrow) are the regulatory elements TATA, [AU: Q4] cyclic adenosine .
monophosphate , response " element . (CRE), yatypical "ghicocorticoid *
response element (aGRE), and somatostatin promoter silence element
* (SMS-Ps). Tissue:specific elements (TSE) consisting of TAAT motifs that

shown. (3’U_T, [AU: Q5); SST-14, som
. S ——— ’2,“ :

tin-14
YT

-, are

nstitutive activity
ST-28, so! -
i

* ThE WPl VAL Of th rat ST e Consiss o erors o
238 and 367 base pairs (bp) separated by ari intron of 621 bp"
(Fig. 169-2). The 5'-uipstréam region contains a number of rfégu

including'a cyclic'adenosirié monophosphate' (CAMP) Tesponise
‘element (CRE) and two nonconsensus ‘glucdcorticoid respons
elements (GREs).%# The SST-14 sequienice has been totally ‘con
served throughout Vértebrate évolution,  whereas the’ amin
acid structure of SST-28 has’changed “30% during evolutio

. from fish t6 humans 244 A'novel second SST-like gene, cortista

BN HS T st tin (CST),"which" has”béén~destribéd “in” hiinians, yields tw
TOSTATIN GENES AND: * cleavage products, CST-17 and CST-29, which are comparabl
PRODUCTS #4 mvnuaung - .. toSST-14 and SST-28 (see Fig. 169-1).° The CST peptides interact

FECs: 23 s : i A S with all five SSTRs, but unlike somatostatiri, expression of - -
" Like otﬁé}‘;}c;éin‘ ﬁé%onéﬁsﬁsfgmatfo'gﬁﬁh is'synthesized as - cortistatin is restricted to3,19:h © cerebral cortex and its biofunc:
~ part of a large precursor protein (proSST) that is processed to tl01’1(5) rem?ns unknown.; u., . B
generate two bioactiye forms, SST-14 and SST-28 (Fig. 169-1). In LS N
~ humans only one somatdstatin ‘gene is found, 1ocated on the R’N A“’
long arm of chromosome 3, which encodes for both SST-14 and
85128, Wwhereas lower Veértebrates (eig; fish) have two soma- = OF SOMATOSTATIN : X
tostatin”genés that séparately ‘ericode for S r R e s i vs 3

ST-14 or SST28242
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FIGURE 169-1. Structure of natural y occurrinig Somatostatin peptides.

(SST-28, somatostatin-28; SST-14, somatostatin-14; CST-17, human cor-
. listatin-17.) Amino acid residuies necessary for bicactivity are shown in
= bold Octreotide and lanreotide are synthetic somatostatin analogs. ...

out the central 'and peripheral NErvous s
en

*“gland, kidneys; anid placéntal 810 (Table 169-1). The typical Fior.

* cytoplasmic extensions (D cells). In thé brain, the I.}i‘gh'é:s,;;g‘g"
. centrations of SST-are found in_the" hypothalafius? neocortex
- ‘and bé'sél.‘g‘ﬁn"gl‘ié,'th_foh—ghdﬁt the limbic system, and at all le¥
. 'tive” amounts of SST in'the T™ajor regions of the brain are as -
- follows: cerebral Eriéx; 49%; Spifial ¢ord, 30%; bEsins
" hypothalaitis} 7%; olfactory Jobé; 1% aid cerebellGa:1%.1 52

.- population of C cells.! In addition s ]
-.-neuroendocrine cells, which secrete Iargeamodn
- tide from storage pools,:inflammatory, and_immun

- amounts occur in the brain (25%), the pancreas (5%), and the '
-~ remaining organs (5%).110} sicrmaoi sebaEs ik iy o

Somatostatin-producing cells 6ccur in high’derisitiés through-

) ] 5 "Systemns, "and 'in"the '
docrine' paricreas'and gut. They occiir in staller Fidmbers in
the' thyroid, adrenal medulla, testes; prostate; submandibila:

phologic appeararice of an SST cell is that §f a ﬁéa“rfonﬂ»'yit}_{fffq
“tiple brariching processes, orof 4 sécrétry cell, oftén with short

‘els of the'major serisory systéms.181811 The “approximaté Tela

)

bfainstem>12%,

" SST cells in the pancreas are almost 8kclusively islet D Cells
and account for 2% to 3% of the total ‘adult islet cell popula

tion.12 Gut SST cells are of two types: D cells in the mucosa and
H it NNl > N -, 3 e B oS Liniee T A

_neurons that 'are” intrinsic to 'the” submticous and iy nte

- plexuses.!? In'thé thyToid, SST. éoexists With calcitonin in a su

ition to these typical SST-producing
1ts"of the pe

¢ cells also

- produce SST, usually in small amounts on activation.1415 Inthe =

rat, the gut accounts for =65% of total body SST, whereas lesser : e

#:a:The relative proportions’ of SST-14 and SST-28 synthesized
"and secreted vary considerably in different tisSues.4 SST-14 is the
predominant form in the brain, pancreas, upper gut, and enteric
neurons, whereas SST-28 is an important constituent of brain .
and is the predominant'molecular form in thé intestinal mucosa.” ©




!

SOMATOSTATIN IN'THE PLASMA o
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TABLE169 1o e e e e e
Locallzatlon of Somatostatln T ,‘ DU T B
Body Region ; of Cells Locale ' -

MAJOR, SITES ..
Nervous system

afi u..u i

Mucosa gands' et 2

. Submucous and myentenc plexuses
: watet il

Cytotrophoblass in chonomc vxllx :
; Testis, epxdxdymxs prostate Pt
i Scatteredductalcells T e
+ { Scattered parafollicular cells (coex-
-ni; uq, isting with calcxtomn)

Scattered cells in renal glomerulus
» and collectmg ducts -

.SST gene "eéxpression.243, Steady-state : SST«messenger RNA

“+. leukin-10),% glucocort)coxds testosterone A estradlol 'fand N
-+ methyl-D-aspartate-receptor a gonists; and are m}ubxted by glu-

* cocorticoids, insulin, leptin, and transforming growth factor-B
(TGE-B). Among the intracellular mediators known'to modu- =", *"
late SST: gene expression are.Ca?*,: cAMP,:cycli¢ ‘guancsine’ .. -
monophosphate (cGMP),-and nitric oxide (NO).24% Ac’nvahon o
of the adenylate cyclase-cAMP. pathway plays’ an unportant
role in the stimulation of SST secretion and gene transcnptlon it

W e prree e e e ST

AND OTHER BODY FLUIDS

S o TN SN w ol TR T LAY

see?

Both SST-14 and SST-28 are released readxly from tissues and

" are detected in blood 14216 The main source of circulating SST is

the gastrointestinal tract.”? Clrculatmg SST is inactivated rap-
idly by the liver and kidneys. The plasma ‘half-life of SST-14 is 2
to 3 minutes, whereas that of SST-28 is slightly longer.4 Fasting

plasma concentrations of SST-like immunoreactivity [AU: Q1]

U‘a"‘ (SST -LI) range from 5 to 18 pmol/L. . These levels double in

-"““’g“:z\rrk‘rfﬂ}m';{fquMrrr“qx T s iSO

" 'REGULATION OF SOMATOSTATIN .

CEF hum‘* "tc:,s.xﬁvt sandtf e nihbe ol 2

response to the ingestion of a mixed meal.4 The bioactive circu-
lating forms consist of SST-14, des-Ala! SST-14 (a postsecretory
. conversion product of SST-14), and SST-28.% With few excep-
tlons, ﬂuctuahons in penpheral plasma levels of SST LI are
small. The main ‘clinical _utility of plasma measurements is in
the diagnosis of SST-producing tumors,_ whxch are_ assoaated
w1th marked hypersomatostatmemla s grrmi

r‘v s n ey -

va:SST is secreted into the cerebrospmal flu1d (CSF), probably

~“from all parts of” “the brain, M2 It s stable in this medium and
attains a concentration that is approx1mately twice that in the

general circulation. ngmﬁcant amounts are also excreted in the

_.urine (4=6 pmol/L). Semen contains high levels of SST-LI, 200-
~fold greater than those in plasma ‘Amniotic fluid is rich in SSI'—
_LI_ongmatmg from the fetus.

T ]
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ot

- SECRETION AND GENE EXPRESSION :

'l

Because SST cells are so W1dely distributed and interact w:th
‘many’ ‘different body systems, the fact that the secretion of SST
‘can be influénced by a broad ‘array of secretagogues, ranging
from ions'and "nutrients to’ neuropephdes neurotransmitters,
 classic hotmones,’and growth factors, is not surprising.1243
Glucagon, GH—reIeasmg hormone (GHRH), neurotensin, corti-
cotropin-reléasing’ hormone "(CRH),  calcitonin gene-related
peptide (CGRP),"and bombesin are potent stimulators of SST
release, whereas opioids and y-ammobutync acid (GABA) gen-
erally inhibit SST secretion.}48 Of the various hormones stud-
jed,: thyroid - hormones enhance  SST secretion from the

. ,SOMATOSTATIN RECEPTORS RECEPTO\R

t

“'*'Ch. 169: Somatostatin 13 -
hypothalamus, their effect ¢ on secretion from other tlssues has
not been adequately 1nveshgated‘«8 Glucocorticoids ™ exert a
dose-dependent biphasic'effect ori SST sécration; Iow doses afeé
stimulatory and high doses are inhibitory4 Insulin stimulateés
hypothalamic SST release but has an'inhibitory effect on the
release of SST from islet and gut Finally, members of the -

growth factor—cytokine family such as GH, insulin-like growth o
factor-I (IGF-I), interleukin-1 (IL-1), tumor necrosis factor o -

(TNFa), and interleukin-6 (lL 6) are capable of stlmulahng SST
secretion from brain cells.? C oz ;
v Many of the agents that mﬂuence SST secretlon also regulat

(mRNA) levels are stimulated by growth factors'and cytokines’
(e.g., GH, IGF:}, IGF-1I, IL-1,TNFa, IL-6, mterferon—y, and inte

Cyclic AMP-dependent transcriptional enhancerient is medi- -
ated by the nuclear protein cAMP response element—bzndmg pro- -
tein (CREB), - which binds to the cAMP response element on the

SST gene.® Ca?*-dependent induction of the SST gene occurs - e

through phosphorylation of CREB by the Ca?*-dependent pro- .
tein kinase I and protein kinase II. GH, IGF-I, IGF-1I, and gluco-
corticoids have all been shown to induce the SST gene by direct -

interaction with its promoter# The molecular mechanisms .

underlying the effects of estrogens testosterone, cGMP and NO s
on SST mRNA levels remain to be determined4 - ... -

ACTIONS OF SOMATOSTATIN, |

SST not only has wide anatormc 1stnbuhon ut it acts on mul— ’
tiple targets, including the brain, pituitary, endocrine and exo- -
crine pancreas, gut, kidney, adrenal, thyroid, and immune
cells'%?8 (Fig. 169-3). Its actions include inhibition of vn'tually
every known endocrine and exocrine secretion, and of various -
neurotransmitters; behavioral and autonomic effects if centrally
administered; and effects on gastromtestmal and biliary motil-
ity, vascular smooth ‘muscle tone, and intestinal absorption of -
nutrients and jons. SST also blocks the release of growth factors
(e.g., IGF-I, epidermal growth factor [EGF],and - platelet- . -
derived growth factor [PDGF]) and cytokines (e.g., IL-6, inter- .

feron-y), and inhibits the proliferation of lymphocytes and of - -

mﬂammatory, intestinal mucosal, and cartilage and bone pre-
cursor cells.Z All of these diverse effects of SST can be explained :
by its inhibition of two key cellular processes secretlon and cell L
proliferation. , . i

e - 'Jﬂfz- r""-.n.,--’t a “\.m\..meiv@-a;y

SUBTYPES AND SIGNAL TRANSDUCTION
Somatostatir™ aets? th:ough lugh—afﬁmty plasma ‘mémbrane R
receptors that are pharmacologically heterogeneous and feature .
several different isoforms.23562! Molecular cloning has revealed "
a family of five structurally related SSTR subtype genés that
encode for seven transmembrane domain, G protem——coupled '
receptor profeins that display distinct agonist-binding profiles
for natural and synthetic SST pephcles23 ! (Table 169-2). Recep-
tor types 1 through 4 bind SST-14 and SST-28 approximately
equally, whereas the type 5 receptor displays relative selectivity
for binding of SST-28.232 Four of the genes (the exception is
SSTR2) appear to haveno introns. Each of the receptor genes is
located on a separate chromosome. The mRNA for individual
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. FIGURE 169-3. Principal actions of somatostatin. Somatostatin inhibits
the release of dopamine from the midbrain and of norepinephrine, thy-
rotropin-releasing hormone (TRH), "corticotropin-releasing hormone
(CRH), and endogenous somatostatin from the hypothalamus: It also
inhibits both the basal and the stimulated secretion of growth hormone
(GH), thyroid-stimulating hormone (TSH), and islet-hormones. It has no
effect on luteinizing hormone (LH), follicle-stimulating hormone (FSH),
prolactin, or adrenocorticotropic hormone (ACTH) in normal subjects. It
., does, however, suppress elevated ACTH levels in Addison disease and
. " il ACTH-producing tumors. In addition, it inhibits the basal and the
- ... TRH-stimulated release of prolactin in vitro and diminishes elevated
. . prolactin levels in acromegaly. In the gastrointestinal tract, Somatostatin
" inhibits the release of virtually every gut hormone that has been tested.
“.» Tthasa generalized inhibitory effect on gut exocrine secretion (gastric
acid, pepsin, bile, colonic fluid) and suppresses motor activity generally

. as well as through inhibition of gastric emptying, gallbladder contrac- .

tion, and small intestine segmentation. Somatostatin, however, stimu-

lates migrating motor complex activity. The effects of somatostatin on

the thyroid include inhibition of the TSH-stimulated release of thyrox-

ine (T,) and triiodothyronine (T,). The adrenal effects consist of the inhi-

bition “of “angiotensin: I-stimulatéd “aldosterone Secretion “and the

. inhibition of acetylcholine-stimulated medullary catecholamine secre-

.. tion: In 'the kidneys;, Somatostatin inhibits the release of reninstimu-

- lated ; by hypovolemia “and /inhibits antidiuretic ‘ hormone (ADH)-

mediated_ water, absorption.% (CCK,” cholecystokinin; . VIP, vasoactive

_ intestinal peptide) (Modified from Patel YC. General aspects of the .

-~
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. Haman SSTR subtypes is widely expressed in brain, pituitary,
" pancreatic:islets; stomach, jejunum, colon, lung, kidney, and
liver, with a characteristic tissué-Specific pattern for each recep-

16123212 Typically; fiore than oné sublype occirs in a given far-

get tissue (e, SSTR1 throtigh SSTR5 in_the brain, stomach,
pancreatic slets, and aorta; SSTR1, SSTR2, SSTR3, and SSTRS in
the pituitary). SSTR2 is the most abundantly expressed subtype,
in terms’of both the nifmber of tissues that express this receptor
and the Jevel of expression. It is preferentially expressed by islet
A'cells and immune cells. SSTR1 and SSTRS are the main sub-
types expréssed by islet B cells. SSTR2 and SSTRS are the prin-
cipal sibtypes found in $omatofropes. ;.. : . .

P PR v

" cyclase, (b) receptor coupling to K* channels, (c) receptor cou-

biology and function of somatostatin. In: Weil C, Muller EE, Thorner
.éé .-

MO, eds. 55?\at°'sté,hi Basic and clinical aspects of neuroscience
VOl 4, Berlin Spriﬁgef.veﬂagj 1992:1_) P N O S ) -.
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TABLE 169-2. o I
Characteristics of Cloned Human Somatostatin Receptor (hSSTR),

TYpes 1-6 g e e i e e ey g
- hSST . hSST ¢ hSST hSST hSS

zoRirr R+ R3IC=w R4~

Amino acids

Chromosomal location 7~ ]
Agonist binding*

-2

" Tyrosine ﬁl-\és{iph;t_;_‘s;;
A A
MAPK activity - ¥+ -
Tissue dism'l_:.uﬁori. T
Brain .

e

Islet
Stomach
Liver 7
Lungs
Kidneys .. . . e
Placenta , - . "Yes
1, increased; {, decreased; SST-14, somatostatin-14; SST-28, somatostatin-28; MAPK,
mitogen-activated protein kinase, * 73.f © C 4T o nT R - :
*Binding potency shown is based on JCy [AU: Q7] value for each agonist:
150-1000 nM; +, ICy; 10-20 nM; ++, 1Cg 1-10 nM; +++, ICg5 ——
Not all tissues have been tested simultaneously;, . .- 0 Lo
(Data from Patel YC. Somatostatin and its receptor family. Frontiers Neuroendo- - -
crinol 1999; 20:157; Patel YC. Molecular pharmacology of somatostatin receptor sub- .
types. ] Endocrinol Invest 1997; 20:348; Lamberts SW], Van Der Lely A-J, de Herder WW.
Drug therapy: octreotide. N Engl ] Med 1996; 334:246; and Reisine T, Bell GL. Molecular -
bilogy of somatostatin receptors. Endocr Rev 1995; 16:427.) s =

- 1Cy -

- ".‘: CQ“CJY&V‘?W i
SST receptors elicit their cellular responses through G pro- |
tein-linked modulation of multiple second messenger systems
(Fig. 169-4),-including (a) receptor:coupling:to adenylate} ¥
pling to Ca?* channels, (d) receptor coupling to exocytotic vesicles, .~ -
(e) receptor coupling to phosphotyrosyl protein phosphatase .
* (PTP), and (f) receptor coupling to the mitogen-activated pro-
tein kinase (MAPK) pathway2321 The five receptors share com- "
mon signaling pathways, such as the inhibition of adenylate
cyclase, activation of PTP, and modulation’ of MAPK? (see Table
169-2). SSTR2,"SSTR3, SSTR4, and SSTRS are"cotipled to K*
*chinels SSTRI ‘and SSTRY, 15 voltage-deperidert Cat chiy..
el SSTR? &nd SSTRS, to phospholipase C; ahd SSTRI 16

, aie s

- Na*/H? exchanger.
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. CELL PROLIFERATION ::.:etas ;
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" The pronounced ability of SST to block regulated secretion from -
‘many different cells is dué in part to receptor-induiced inhibition
of two kéy intfacellular fnediators; cAMP and Ca?, beciuse of -,
hcepior Inked efiac o adenylate cyclase ahd ofi K- and Ca* - -
jon channels? (sée Fig. 169-4). In addition, SST inhibits secretion .
stimulated by cAMP, Ca? ions, or any other known second mes-
senger through'a distal effect, which is targeted directly to secre-
tory granules”and_is.dependent of activation of the protein
phosphatase calcinetirin2?7. The antiproliferative effects of SST
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:FIGURE 169-4 Schema c deprchon of somatostatm—receptor (SSTR)—
 signaling pathways leading t6 inhibition of secretion (A) and to cell pro-

- liferation and induiction of apoptosis (B). Receptor activation leads to a
fall in intracellular cyclic adenosine monophosphate (cAMP) (due to inhi-

- bition of adenylate cyclase), a fall in Ca?* influx (dte to activation of K*

- 'and Ca?. jon channels), and stimulation of phosphatases such as cal-
.- cineurin, .whrch inhibits’ exocytosrs, and 'serine_threonine_(Ser/Thr) phos-

¢ - phatases,” which dephosphorylate and “activate Ca?, and K*, channel
L protexns. Blockade of secretxon by somatostatm (SSD is in part mediated
- throughinhibition of Ca?* ‘and cAMP (proximal effect) and through a

~ more potent distant effect involving direct inhibition of exocytosis via

. phosphatase by SST playsa key role in medxahng cell growth arrest (via

.....

MAPK) pathway and induction of Rb (1 n’tmablastoma tumor—suppressor pro-
tein),"and p21 (cyclin-dependent kinase inhibitor).”C-src, ‘which associates
with both the activated receptor and phosphotyrosyl protein phosphatase
(PTP), may prov:de the link between the receptor, PTF, and the mitogenic
signaling complex. Induction of apoptosxs is associated with dephospho-
lrylahon—dependent actlvatron of the tumor-suppressor protein pS3 and

2 the e proapoptotic | protem Bax. [AU: Q6] (From Patel YC. Somatostatm and
itsreceptor famrly anhers Neuroendocnnol 1999; 20: 1?7) o
SR NI LTI PR DRSNS

. ere recogmzed through the use of long—achng analogs (e, oct-
Teotide) for the'treatment of hormorie ‘hypersecretion from pan-
"creafic, intestinal, and’ prturtary tumors. SST not only blocked
hormone hypersecretron from these tumors but also ‘caused vari-

. implicated*;

=47~ yating mitogenic signal transduction.
- » (SSTR1, SSTR2, SSTR4, SSTR5) mduce cell-cycle arrest via PTP.
depehdent modulation of MAPK - associated with mductlon of |
 the retinoblastoma’ tumor-suppressor ‘protein and p21 2 In’con-

OF SOMATOSTATIN -

- Evidence is’ growmg, both drrect{and mdxrect that SST modu-,"

SST-dependent activation of calcineurin. Induction ‘of protein tyrosine ‘ments and SSTRs'in limbic, neocort]cal stnatal and sensory

SSTR1, SSTR 2, SSTR 4,-SSTR 5),%r apoptosis, (via SSTR3). Cell growth _
arrest is dependent on actxvahon of the mxtogen-achvated protexn kmase‘ :

' Ch.169: Somatostatin 15 -
able tumor shrinkage through an additional antiproliferative
effect. The antiproliferative effects of SST have since been dem- -
onstrated in normal dividing cells (e.g., intestinal mucosal cells),
in activated lymphocytes, and in mﬂammatory cells as well as in -
vivo in solid tumors ‘and various ‘cultured tumor cell hnes2
These effects involve cytostatic” (growth arrest) and cytotoxrc .
(apoptotic) actions. SST acts drrectly (via SSTRs present on tumor
cells) and indirectly (via SSTRs present on nontumor cell targets)” -
to inhibit the secretion of hormones and growth factors that
support angiogenesis_and promote tumor - growth Several
SSTR subtz;pes and “signal-transduction pathways have been !’
21 (see Fig. 169-4). Most interest js focused on pro-“-'-‘ L
tein * phosphatases that dephosphorylate receptor tyrosxne -

~—ea

kinases of modulate the MAPK-signalin &cascade thereby atten-" .
2

%% 5.

Four of the _recepto

trast, SSTR3 uruquely triggers P’I'P—dependent apoptosxs “accom- -
panred by achvatl n of p53 and the P 0apo otic prot rn_Bax?‘ B

R ESoes s

lates the physiologic function of various target cells.}2458 [t -~ ;
subserves mainly local regulatory functions, acting as eithera’" .~ i
neurotransmitter or neuromodulator;”a neurosecretory sub-.. - -
stance (i.e., one released directly from nerve axons into the - :
bloodstream as in the median eminence), or a paracrme—auto—_ Y
crine regulator (local cell-to-cell interaction or self-regulation). ..-: .
In addition, SST may act via the crrculahon as a true endocrine ... ...:
substance to influence distant targets.- SRRSOt 5
- Direét evidence exists'of a physxologrc role for hypothalamrc—
SST in the regulation of GH and thyroid-stimulating hormone -
(TSH) secretion by the pituitary.!47 A variety of physrologlc o
GH responses are orchestrated by SST, actmg either alone orin =;:: .;
concert with GHRH.1227 SST participates in the ‘genesis of the
normal pulsatile pattern of GH secretion and in GH regulatory
responses to physiologic stimuli such as stréss, glucose adminis-
tration, or-food deprivation. GHRH and _SST- neurons in the |
hypothalamus are anatomically coupled and mﬂuence each
other reciprocally#? SST inhibits GH secretion bothbya dn'ect o
action on the'pituitary, and indirectly through” suppreﬁsron of .
GHRH release (Fig. 169-5). The secretion of SST in turn is stimu- .

lated by GHRH and is sub]ect to posrtlve feedback regulatlon by

GH (short loop) and by IGF-I produced by GH action on the liver
(long loop). Because of the extensive extrahypothalamlc brain
distribution of SST, its effects o’ the spontaneous electncal .
activity of neurons, its release from nérve endings in responseto
depolarization, and its behavioral effects, this peptide has been” ;!
postulated to serve as a central neurotransmrtter or neuromodu-_' T
lator.»® Given the high concentration "of both SST neuronal ele— el

areas, SST appeéars to be particularly’ 1mportant in modulahng e
functions in these regions. Within the pancreatic islets, the cldse ~
anatomic proximity of SST cells to the A and B cells, the demon-
stration_that insulin’ and glucagon are. exquxsltely Sensitive to .- ¢ -

Ay v e

inhibition by low conentrations of SSI‘ and the ﬁndmg that 7
‘inactivation of islet D-cell function augments msuhn and gluca-' L

‘gon output, all provrde ‘evidence for the possible’ modulatron of -
pancreatic islet A~ and B-cell function by SST#8 (Flg 169-6) The .
suggestion has been made that islet D cells, wluch produce pre- -
dominantly SST-14 and only negligible amounts of SST-28, reg-
ulate A cells by local action, whereas SST-28 released in the
circulation from the gut in response to food mgestron ‘modulates
nutrient-stimulated insulin_release by “a° hemocrine ~mecha-
nism.? The diffuse distribution of SST ‘throughout_thegut,
together with its pleiotropic effects and the complex regulahon
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“Arcuate

‘ FIGURE 169 5 Schematxc representatlon of mterachon befween
somatostatin™ (SST),” ‘growth’ hormone—releasmg hormone ' (GHRH),

growth hormone (GH), and insulin-like growth factor I (IGF-I) in regu- "
lating GH secretion. GH release is stimulated by GHRH (produced by .

GHRH neurons in the arcuate nucleus) and inhibited by SST (produced
* by somatostatinergic neurons in the anterior hypothalamic | periventric-
ular nucleus [PVN]). SST inhibits GH sectetion both by direct action at

the pituitary level and indirectly through suppression of GHRH release. -

GHRH, in turn, stimulates SST secretion. GH exerts negative feedback

_onits own secretion by -inhibiting GHRH release, stimulating SST .
y release, and potentiating the release of IGF-I from the liver. IGF-], in-

’ tum shmulates SST release and inhibits GH secretion by a direct action
_ on'the pituitary. (Modxﬁed from Patel YC. General aspects of the biology
" and function of somatostatin. In: Weil C, Muller EE, Thorner MO, eds.

Somatostatin. Basic and ‘clinical aspects of neurosqence ‘'séries, vol 4.

Berlin: Spnnger-Verlag, 1992.1 )

RCrp s lle &w’f.’

of its secretion,” suggests that SST éxerts control over rnany dxs— '
* crete cell systems involved in gastromtestmal -pancreatic, and
ates“acid secretion both"directly

biliary functions. SST+regul
. through the circulation to inhibit parietal cells"and through a

paracrine mechanism to suppress gastrin release” Circulating -
SSTisalsoa physxologlc regulator of pancreatic exocrine secre- -

. tiori¥ Elsewhere'in the'glit, évidence exists t6'suggest that SST

:'»controls the rate“of absorption’of nutrients and participates in

- the regulation of gut hormone secretion, gastrointestinal motor |
.. .tone, blood flow, and mucosal_ cell proliferation3! Although ..
.. acute changes in tlssue or cxrcu.latmg levels of SST. are accompa- ...
-~ "nied_ bya alterahons in the function of target organs (e.g., the ..
pltultary or gut), an mtereshng ﬁndlng is that SST deficiency -
from bu'th (as in the  SST, knock—out mouse) does not produce .

‘any ¢ developmental defect or growth abnormahty in young ani-

_mals; 2 This 'means “either that _the SST gene is redundant or, -

SAPT

more likely, that adaptxve responses occur from other ‘genes”

o (e g , cortlstatm), whxch compensate for the loss of the SST gene

'_SUBTYPE SELECTIVE BIOACTIONS '. -
.OF; SOMATOSTATIN RECEPTORS

\(:vp(v

Because SSI' exerts 1ts numerous bloeffects through five recep-
tors, the questlon anses whether a given response is selective

7 (SST), insulin, and glucagon o1 on the function of paneatic islet cells; . SST 2 -
_inhibits msuhn and glucagon release, glucagon stunulates insulin ; and ¥

© ... Somatostatin -

i b Reed el S Almenis wmmgf Fdexanes
FIGURE .169-6. Effects ‘of_endogenous_or exogenous somatostatin

SST release, and insulin inhibits the release of glucagon and possibly of .

 SST.In addltlon, all thxee 1slet hormones ml'u'blt theu' own secrehon by

,,,,,

h gon regulate the secretlon of SST, and intraislet insulin’ regu]ates glum— : "f‘
* ~ gon release.’ The"precise "physiologic“role "of intraislet SST'Temains
- unclear (see text for details). (Modified from Patel YC. General aspects

of the biology and function of somatostatin. In: Weil C, Muller EE, Thor-~
ner MO, eds. Somatostatm. Basic and clinical aspects of neuroscxence
1
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for one subtype or whether multlple subtypes are mvolved The

oL = e
\.'. R

- marked overlap in the cellular pattern "of expression of the” dif- -

ferent SSTR pathways, coupled with the finding that individual ..
target cells typically express multiple SSTR subtypes and often -
all five isoforms in the same cell, suggests ‘that SSTRs Thay oper- -

ate'in concert rathér than as individual members. Nonetheless, .

evidence exists for relativé’ subtype' selectivity*for some SSTR ..
‘effects. At the level of cell secretion and ¢cell proliferation, the .
two general cellular effects modulated by SST, four of the sub- -
types (SSTR1; SSTR2, SSTR4, SSTR5) ‘are capable of an'eshng
cell growth, wheréas SSTR3 is uniquelycytotoxic. In'contrast to -

" the case for cell proliferation, surprisingly little is known about .

‘subtype selectivity, if any, for cell secretxon Immune, inflamma-

_tory, and neoplastic™ cells*"ate ™ important targeS *for~ SS'I'-*‘

‘action21415 Unlike' the classic SST-produding’ neurdendocrine -
‘cells (e.g,, in the hypothalamus or islets), Which’ Telease large
‘quantities’ of the'peptideacutely from - storage pools 'SST 'and -
ST réceptors in inflarmatory cells (€. g , macrophages and lym-
phocytes) are comduced probably by growth factors'and cyto-
kines, ‘as’ part~of "a“'genéral’ hmechamsm fot” achvatmg the .’
“endogenous SST system for paracrme-autocnne m_odulahon of -

o5 -2

“the ‘proliferative’ and “hormonal responses*assocxated’mth

mﬂammatory and immine Teactions: SSTR2, the" ‘main 1sotype

. expressed in lymphocytes and mﬂammatory cells appears tobe
* the functional SSTR responsible for modulatmg the proleeratwe
- and secretory : responses of | thése cells 15 Based on'thé p'attem of R
.. SSTR subtype expréssion as “well as the ‘effects of selective non-
. peptide agonists, SSTR2 and SSTRS are the subtypes involved :
~+in regul

ating’ GH :and -TSH secretlon from:the_ human’ p1tu-
- jtary2™ Similar studies in the casé of islet hormones suggest a -
preferential effect of SSTR2 on glucagon release and of SSTRS
and possibly SSTR1 on insulin secretion.?* Desplte the phar-
macologic evidence for the involvement of SSTR2 in pituitary -
GH secretion, an SSTR2-deficient mouseshows only subtle
abnormalities of neuroendocrine GH feedback control. The ani-
mals grow normally both in utero and postnatall Iy, a finding that
suggests maintenance of overall GH secretion.® These animals -
display high basal gastric acid secretion in the face of normial
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* . gastrin levels, which indicates that SSTR2 is the subtype respon-
sible for SST suppression of endogenous gastric acid.

.

Vi . :

- SOMATOSTATIN IN DISEAS
T e g

. Given the wide distribution of SST cells in the body, the fact that
“"only a single disease—the' somatostatinoma syndrome—has been
attributed directly to SST dysfunction is surprising (see Chap.
+ 220). No functional mutations of either SST or its receptor genes
+ " have been identified. Eveén in this syndrome, the associated pro-
- found hypersomatostatinemia_is_accormpanied by relatively

~

“minor symptoms (cholelithiasis, ‘steatorrhea,” and mild diabetes)%

This probably is due to tachyphylaxis and to the fact that many

actively secreting, malignant islét Cell tamors that aré associated
with Bigh pladinalevels of SSTL1 (600-15,000 pmol/1) % Lasser
, degrees of hypersomatostatinemia have been observed in Ton-
- pancreatic SST-producing tumors, such as duodenal somatosta:

extraadrenal paraganglioma, anid sitiall-cell cancef of the lung.

ease, in which a decrease in the levels of SST in the cerebral cor-

- . tex"and CSF is'seen.5!? The reduction in cortical SST correlates .

* ~with the number of senile plaques and neurofibrillary tangles,
and although its pathophysiologic significance is unclear, it has
" become an important biochemical marker for the disease. Cere-
.- brocortical SST, CSF SST, or both are also decreased in other neu-
ropsychiatric_ disorders such as depression, Parkinson disease,

and multiple sclerosis.!? Whereas the reduction in brain or CSF -

SST in Alzheimér disease appears to be secondary to neurode-
generation, the SST changes that occur in depression and multi-
ple . sclerosis .. fluctuate , with ; disease | activity ,and  reflect
-functional alterations in peptide production. In contrast to the
 loss of SST in Alzheimer disease, SST neurons in the striatum in
~ Huntington disease are selectively resistant to neurodegenera-
B .‘;_ﬁq:nuqr_}d“s_h/oyg:up-regula{ecj_ﬁix_lgtion., Selective survival and
Jup-regulation of SST gene expression in response to neuronal
njury has also been' demonstrated in the striatum in animal
- models of hypoxia-ischémia and in the cortex of monkeys and
" human patients with AIDS encephalopithy. . o it o
: elevated significantly in hepatic cirrhosis

2 oA .

.+ Plasma SST levels are
impaired

- .and in chronic_rénal Jailure, an elevation that reflects
. ;metabolism, In experimental hyperinsulinemic diabetes and in
" -human type 2 digbetes, release of gut SST in'response to meal inges-
- ..; ;L Hon is impaired. Patients with duodenal ulcers have reduced antral
- .., SST-LI levels, which implicates local deficiency of SST in the

- pathogenesis of this disorder. Despite the large amounts of SST |

©_present in the gut,

primary gastrointestinal disease generally is
* . not associated with alteratiog;i'x} i
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:CLINICAL APPLICATIONS OF .. v
OMATOSTATIN AND ITS ANALOGS

TV s SATER Yty SRNRE Lt g
-The potent pharmacologic: properties of SST have
:much interest in the use of this substance as a therapeutic agent
i cfor the treatment of various’diseasés. The naturally occurring
- forms’ proved . uinsuitable, however, because their short half-
.1 *lives made”continuous intravenous administration necessary.
- <.*The specificity of endogenous SST derives from the fact that it is
. produced mainly at local sites of action and is rapidly inacti-
-vated after release by péptidases in tissue and blood, so that
© vunwanted systemic effects“are minimized. Injections of syn-
" - i thetic SST, on the other hand, produce a wide array of effects

of the'taiget Cells ‘o' Which SST normally acts locally are not *

‘7% (BIM23014, Somatulin TAU: Q1al) have become available 73542 ©. -

' tirioma; *medullary { thyroid * carcirioma, “phéochromocytoma, by clea

' ; - -mer ester linkage through hydrolysis in tissues.?’? It is admin- -

The seral Fasssuraiment of plasia SST.LI valuet his prosed

seful a3 HImGF marker in the follow-up'of these patients,

" 25 In several diseases; disordered ST function occurs probably -
. -/as a secondary feature. Foremost among these is Alzheimer dis- .

reulating SST concentrations.
et £+ ducing” neuroendocrine’ tumors (Table ‘169-3) ¥ It"acts’ in’ two .

attraétéd )
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due to simultaneous activation of multiple target sites. Thus, for :
effective pharmacotherapy with SST, analogs must be designed -
that have more selective actions and greater metabolic stability than *
the naturally occurring peptides. Early observations ‘that the *
SST-14 molecule was amenable to'a wide range ‘of chemical -
modiﬁcaﬁon.s allowed the synthesis of structural analogs with
enhanced metabolic stability. One such analog developed in °.

(Sandostatin, SMS201-995; See Fig> 169-1). Virtually 100% of this

drug is absorbed after subcutaneous administration; and it is
 eliminated from plasma with'a half-life of 70 to 113 min.¥’ The = '
~ bioresponse is maintained for 8 or-more’ hours after a si :

injection. Octreotide thus has therapeutic efficacy with two to .
" three daily subcutaneous (SC) injections and has emerged as the |,
- first SST ana]{%;uitable for long-term treatment.? Long acting

;. slow-release formulations of both octreotide (Sandostatin LAR
[longtacting release]) and a second octapeptide analog lanreotide

"" Sandostatin incorporates’ octreotide ints micfosphéres of a bio-
degradable ~ polymer (polyDL'-la'ctide-'géfg]y‘colid‘é_‘}“glu_cgse), o

* which allows slow release of the drug by cleavage of thé poly- 3 -

istered as a once-a-month intramus_cglar’(IM) depot. injection -
" and, after a lag period of 7 to 10 days, produces’sfable blood -

.infusion.® Lanreotide is available only as the slow-release for- -

- mulation, and because of its comparatively shorter duration of -
action (10-14 days), it must be injected two'to three times per . -

. month#%41 Both analogs are at least as effective as SC octreotide . -
in blocking the excessive production_ of hormones from neu: -
roendocrine tumors ‘of the gastrointestinal tract,pancreatic -

islets, and pituitary3”2 Furthermore, they have a safety profile . .

~ similar to that of the SC injections, and, because of better patient - -
compliance, are likely to become the drugs of choice for SSF--
pharmacotherapy. Both the subcutaneous and LAR forms of -
octreotide are approved by the Food and Drug Administration -
for the treatment of carcinoid tumors, VIPomas, and acrome:."
galy. Lanreotide should shortly be available in North America .
Octreotide and lanreotide bind to only three of thé five SSTRs -
(types 2, 3, and 5) (see Table 169-2), displaying high affinity for :
subtypes 2 and 5, moderate affnity for subtype 3, and no bind.
ing to types 1 and 4.2*42! The binding affinity of these analogs

for subtypes 2 and 5 is comparable to that of SST-14, which indi-

cates that they are neither selective for these subtypes nor more .

octreotide concentrations ‘comparable to that of continuous .- -

"<-1982 is the long-acting cyclic octapeptide; octreotide acefates? = = -

2 single .

-

cony v

potent than endogenous SST. A series of high-affinity nonpeptide ..’ )

. agonists have been identified for several of the human SSTRs. -
These should facilitate the development of orally active sub-
- type-selective therapeutic cgmpounds.3_4._g;_;~_{~h Db o e LS

pEMAN IR 7s NI s+

" TREATMENT OF

NONNEUROENDOCRINE TUMORS * witiabs

A SRS QG SGADAA o T T
- Octreotide provides potent palliative therapy for hormone-pro-

‘ways to combat the effects of hormone hypersecretion: (a) directly’on ;

. " tumor cells to’ inhibit 'sécr'ei‘ién:’-’ér'\'q"(b):ix{diré’cjﬂy;t:é);blgfc’k the .. -
> action of the hypersecreted hormdne at’its target site. In addi-

tion, “octreotide may ‘cause tuior shrinkage”or "stabilization”of
tumor growth in'sore instanéés by shrinkagé of tumor-cell Voi- -
‘ume throligh long-term inhibition of sécretion (Comparablé to
the shrinkage of prolactinomas indticed by dopamine agonists)
and inhibition of tumor growth via cytostatic and cytotoxic -
(apoptotic) effects (see Fig. 169-4). ;2w = 4 5 o iioininiuiis
Binding studies haVe shown that neurcendocrine as well as ::
common solid nonneuroendocrine tumors ‘are rich’in SSTRs
(Table 169-4).33 Currently available binding analyses, however,
cannot distinguish the individual SSTR subtypes because of the
lack of subtype-selective radioligands. Accordingly, investiga-
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,  TABLE 169-3. U
Proven and Potential Clinical Applications of Somatostatin Analogs

Disor.der‘-\-“ R U

LI VAN

7 'Indication ", """

~ HORMONE-PRODUCING TUMORS i 775 < =
'--.'-“-"Gast‘r'bent"eropanmal_.‘fc e
e oid FE T

Ny A, et

ey 8003, sy
!~ Glucagonoma
R R TR R o
** Insulinoma ©
PR LR 1)
Gastrinoma

JHIRLN £ i :
Somatostatinoma
TaMY R R ey ag e e 2C
producing tumors™ . _
‘a4 2 IO SRR TL5 B IS A TR

greets

*
». Probable .. ,
&, Probable ..

pla;tit; Aé’ﬁ{-pfodﬁung hxmors - v Possible ;2

Medullary carcinoma of thyroid .

PP

" Sdéroderma .1t 5.,
* ORTHOSTATIC HYPOTENSION

,DIABETES ~ o

T Vle.vgs:ozicﬁve intestinal pepﬁd.e; GHRH, growth hormone~re1e'asing hormeone; .
. TSH, thyroid-stimulating hormone; ACTH, adrenocorticotropic hormone; AIDS, =
acquired immunodeﬁdencysyn_drome::.f_ G L

REIPTSIE S-S TR R ROT VO N R

\

T STl RS0 R [

Expression of gdr@étostatin Reéép_td;ré. {SSTRs) in Tumors m Vitro andinVivo *5 ' <. v

-noid, insulinoma, glucagorioma) has revealed multiple SSTR.

tive434% The’extent of malignant disease™as well as’ differential”

N e~ PR IISINS BRI I kot e B B L It ML it A iy n
: . majority of neuroendqcriné tumors correlates with the respoﬁ"‘
1076, - .

" . .and hepatic artery embolization); and as prophylaxis’ against
- acute crises resulting from sudden discharge ‘of tumor prod

~mg per month of the LAR preparation. Generally, ‘clinical -~

[/ Seveeaw T

tors have resorted to mRNA analysis and receptor immunocy-
tochemical - analysis™" with ' subtijpe-selective “ antibodies ¢ to
characterize the pattern of expression of the five SSTR, sul

types. Investigation of mRNA expression for the five SSTRS in
more than 100 pituitary tumors, both secretory (producing GH,’
TSH, prolactin, or ACTH) and nonsecretory (i.e.; chromophobe
adenomas), and in 32 gastroenteropancreatic tumors (i.e; carci- -

genes in most tumors.*#3% SSTR1 and SSTR2 appear to be the
predominant forms in all tumors. Pituitary adenomas are also’
rich in the expression of SSTR5.:Many': nonneuroendocririe
tumors (e'g.; breast and renal carcinomas) are also SSTR pos

fumot expresionf STRs ey account for the Vil ey
response observed With diffetent tumof types, The presence of
octreotide-sensitive subtypes, such'as SSTR2 and SSTR5ir the-.

siveness of these tumors to treatment With the analog: i
“uTreatment is indicated in patients:with Sévére symptoms'
and - resultant “metabolic  dérangements : that *require * contro
before surgery or other therapy; in patients with residual tum

or metastatic end-stagedisease who' have’ had irelapse afte

standard therapeutic modalities (e.g.surgery; chemotherapy,

ucts, such'as in carcinoid crisis. In these’ instances;” octrectide
administration has produced extended and useful symptomatic
remissions. The initial dosage may be 50 to 100 g ‘of SC oct-’
reotide twice daily or 10 mg IM of octreotide LAR per month: :
The dosage may be increased gradually over 6 to 12 months (or =~ ~
as required) to 500 pg three times daily of SC octreotide and 30 -« ..

improvement parallels a reduction in the plasma level of the
hormone being hypersecreted b fat 4 ;

o

et
o i

.. INCIDENCE OF SOMATOSTATIN RECEFTORS _ T

2 R N A R

T

s3I Vikre [y 5h

% Positive for SSTR mRNA ~~

< Number Positive #:

- Tumor -

SSTR2

SSTR4

Pheochromocytoma -
AV e It S A P

Medullary thyroid carcinc

80 A T pevs a
,Breast carcinoma - .,
_viewtresseydoe; 3

ey )

7. 36 0 e

TSt et BT L N e O oy — Zev. oo :

mRNA, messenger RNA; GH, gmw‘th hormene; TSH, thyroid-stimulating hormone; PRL, [AU: Q8); ACTH, adrenocorticotropi V test ]
.. ¥ *Thénumber of himors analyzed for each of the different subtypes varied slightly in the pooled data shown. ©* ¥ <. “tiul 4 RN RN 0!
~2* (Data from Patel YC. Molecular pharmacology of somatostatin receptor subtypes. ] Endocrinol Invest 1997; 20:348; Lamberts SWJ, Krenning EP, Reubi JC. The role of somatostati

SSTR3 by Receptor Scan -

AT (R RO
i 39 ir0itnaer 39/52 (75%) emmgty -~ -
Tezet NT. sy Setaesst

f'ﬁ.{llk;;f‘ll-\_

n

- - and its analogs in the diagnosis and treatment of tumors. Endoct Rev 1991; 12:450; Vikic-Topic S, Raisch KP, Kvols LK, Vuk-PavlovicS. Expression of somatostatin receptor subtypes in
breast carcinoma, carcinoid tumor, And renal cell carcinoma. ] Clin Endocrinol Metab 1995; 80:2974; Schaer J-C, Waser B, Mengod G, Reubi JC. Somatostatin receptor subtypes sst,, sst,,

* sstyand sst; éxpression in human pituitary, gastroentero-pancreatic and mammary tumors: comparison of mRNA analysis with receptor autoradiography. Int ] Cancer 1997; 70:530; -
and Evans AA, Cook T, Laws SAM, et al. Analysis of somatostatin receptor subtype mRNA expression in human breast canceraBr ] Cancer 1997; 75798 - .+« : s 1, 7phaises
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GASTRO’E NTEROPAN CREATIC TUMO RS

CARCINOID TUMORS o

srd ndo 408y dic Jiee 0 s fless
SST analogs play a central role in the management of symptoms
of metastatic carcinoid disease. More than 200 cases of metastatic
carcinoid tumors and carcinoid syndrome treated with octreotide
++ havé now been reported 63342464 The drug is highly effective in
this condition and produces a'marked clinical and biochemical
improvement. Flushing and diarrhea, the two most prominent
- symptoms, are rapidly relieved in">90% of patients. The clinical
.. improvément is paralleled by a reduction in urinary S-hydroxy-
- indoleacetic acid (5-HIAA) levels, which drop by >50% in 70% of

I . treated patients without, however, being éoripletely normalized in any -

.‘:V‘;. patzent A ‘small praporhon of patients (~<14%) show measurable ..
regression’ "of hepatic and Iymph node. metastases“"’49 In 80 patients

treated with ‘Octreotide, median survival from the dragnosrs of

" metastatic disease was 8. 8 years'compared with 1.8 years in his- -
" torical controls. The’ average dose required for symptomatic and

* biochemical control ranges from 100 to 150 pg SC every 8 hours.
", Because of the dual actions of SST in blocking both the secretion
‘and the action of hormones overproduced by tumors, the dose

required to control symptoms such as diarrhea may be lower
. than that necessary. for reducmg urine 5-HIAA levels. Resistance

to therapy eventually. occurs’ with an ‘increase in tumor bulk.
Such resistance may be due to down-regulatlon of SST receptors
~ or, more likely, to the emergence of receptor-negative or more

wvirulent clones. Recurrence of disease on therapy may be con-
trolled in some but not all patients by iricreasing the dose. Doses
as high as 1 to 2 mg SC every 8 hours have been administered
in this disease and appear to be well tolerated. A study compar-
ing SC and long-acting formulations of octreotide found that
monthly injections of octreotide LAR were as effective as SC oct-
reotide in controllmg the symptoms and in suppressing urinary
5-HIAA levels in 79 patients. 42 The recommended average dose
is 20 mg octreotide LAR, increasing to 30 to 60 mg in some
patients with resistant or advanced disease. Lanreotide 30 mg IM

every 10 to 14 days is also effective.#! In addition to its applica-: -
tion in long-term treatment .of metastatic carcinoid disease, oct- -

- reotide_is_very useful in’ preventmg ‘carcinoid “crisis’ when _
_ administered mtravenously in susceptible patients immediately

" before and ‘for 7 to 10 days after surgery, chemotherapy, or- = . :
e m ACROMEGALY “3’ il

hepatic artery embolization, -

= o
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VIPOMAS

_ Like carcmoxd tumors, VIPomas tend to be malignant, with
extensive metastatic disease from the outset. Octreotide has’
become the’first-line drug for the symptomatic control of this’,
disease. Of 25 patients with VIPoma treated with octreotide for "~
15 months, 85% ‘showed improvement in or resolution of diar-
thea, which was associated with a reduction in plasma levels of
vasoactive intestinal peptide in 60%.4~49 The effect of octreotide”
is usually rapid and occurs with relatlvely low doses, 50 to 100
pg every 8 to 12 hours.’ With time,’ efficacy is lost in some’,
~ patients and high-dose regunens aré required. Reduction in*
tumor size has been reported in as Tany as 40% of pahents '
- treated wrth octreotlde for 2 months or longer.#?
- SR A o
GLUCAGONOMAS

Approxrmately 10 patnents with glucagonomas who have been”
treated with octreotide have been described 47-4° Glucagonomas'+

are slowly ‘growing, malignant tumors associated ‘with severe'
constitutional symptoms as well as a characteristic rash (see™

.-.".-‘»rf'l""-u . -

Chap. 220). Therapy with octreotide resolves therash in a few ..

days and improves other symptoms stich as weight loss, anor- .
exia, abdominal pain, and diarrhea. Because no other form of -
therapy exists for the" systemic manifestations of glucagonoma,
especxally its dermatologlc complication, octreotide has assumed -
a primary role in the medical treatment of this dxsorder Usually
little effect is seen on the size of the tumor. -~ e ==

;,',_and glucagon) than  of_insulin.’ dn,view "of t}us" p0551b111ty
Y

,_—o‘v e . tRe

LRSI

\,ﬂ 'l‘

. ¢
Ch. 169: Somatostatln 1

INSULINOMAS . /. s

Unlike non-B cell tumors 90% of msuhnomas are bemgn ‘and
can be cured by surgical resection. Octreotide suppresses insu-
lin levels by >50%, elevates blood glucose levels, and prevents' 3
hypoglycemic attacks in many patients.47-43 Thus, it is effective "
in the preoperative treatment of patients with benign .insulinoma. .

Diazoxide, however, also lowers insulin levels effectively in this s

setting. It remains to be determined whether octreotide offers
any specific advantage In most patients with malignant insuli-

noma, octreotide is effective in preventing hypoglycemxc attacks. -
Loss of efﬁcacy is common, however, and it ,may b be overcome w

by increasing the dosage. Of greater ¢ concern is the worsenmg of ;-

hypoglycerrua in some patients as a Tesult of the greater 5u
pression by octreotide of the counterregulatory hormones (GH

plasme’ glucose levels should beT mom ored care
tiation of octreohde therapy ’ ¥

GASTRINOMAS
Grae O3 ;.(r,,g.h!&

Gastrinomas are commorﬁy mahgnant islet cell tumors that havei‘i‘

metastasized at the time of dxagnosrs In the’ S50 reported cases
treated with octreotide, the response has been varlab]e, ‘withonly *

P e )

modest reductions’ in gastrin levels 449 Furthermore, tumor +

growth may progress during octreotide treatment. Because the - -

clinical manifestations of gastrinoma result frorm the hypersecre-
tion of gastric’acid, which can be’controlled effectively by oral *
medications such as H,-receptor antagorusts or the Na*/H* ade— :
nosine triphosphatase inhibitor omeprazole, octreohde serves
only an adjunctive role in treatment of tl'us drsorder ' ":"*f BRI

TUMORS PRODUCING GROWTH HORMONE—RELEASING HORMONE -
Several patients with GHRH-producmg tumors (bronchlal cat-

“cinoid tumors or metastatic islet cell tumors) who receiyed -

treatment with octreotide showed good symptomatic and bio-
chemical response.*? Octreotide reduced plasma concentrations

of GHRH and GH, probably through a dual effect on _tumor - a

S enln e 4 <

cells and pituitary somatotropes Coir e st e

TREATMENT OF PITUITARY TUMORS e

.-v'"

SST analogs sxgruﬁcantly reduce GH secretion and IGF I levels
in patients S with acromegaly and have become effective agents in
the treatment of this disorder.537-405749-52 Their use is indicated in ~
the treatment of patients with a macroadenoma who have per-
sistent disease after transsphenoidal surgery, as interim treat-
ment in patients awaiting the full effects of external irradiation,
and as preoperative treatment for 2 to 3 months to improve the
medical condition of patients with severe disease. They canalso
be offered as primary therapy to patients who refuse surgery or
those with severe medical problems that preclude surgery. Oct- "
reotide has been proposed as primary therapy for patients v ‘with
mvaswe macroadenomas not causmg chxasmatrc compre551on, C
who are unlikely to be cured surgically.! This is'an “attractive
idea, especially with the availability ‘of slow-release prepara- :
tions; it needs to be further assessed in prospectlve studies
comparing the relative efficacy and "cost effectlveness of pn-
mary SST analog” therapy versus surgery for treatment ‘of
acromegaly5! With SC injections of 100 pg octreotidé’ three
times daily (mean optimal efficacious dosage), a prompt ‘reduc-
tion in plasma GH levels occurs, followed by a decline in circu-
lating IGF-1 levels during the first week.5022 This is accompanied .
by immediate relief of many of the, clinical symptoms of -
~ acromegaly, including fatigue, headache, ‘excessive perspira-

'A_tlon arthralgia, 'and soft-tissue swelling.5°2 Relief of héadache

is often seen immediately after the mJectlons are started and
before serum GH levelsthave declined, probably as a result of a
vascular or analgesic action of the drug. Improvement in facial
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_coarsening and acral enlargement occurs after longer periods of
- treatment. Sustained nnprovement “with ‘minimal side effects
V has’ been' noted with treatment for 10 or more years. Drug resis-

_ tance may develop during long-term’ treatment, necessitating
iricreased dosages In"a double-blind, randomized, multicenter
study of 115 patrents with acromegaly,? admrmstratron of oct-

reotideata dosage of 100 j1g three times'a day for 6 months was

effective in reducmg GH levelsin 71% of pahents and IGF-Ilev- -

els'in 93%. Mean mtegrated GH, levels were reduced 70% from
40 #13 pg/L} to12+4 pg/L, and mean mtegrated IGF-I levels
were suppressed 60% from 4800 S 354 JU/L t0'1900 + 200 U/L.

e

Normahzatlon of GH secretron, deﬁned asa reductlon of inte- -
grated mean GH levels to <5 Hg/ L, occtirred in 53% of ) patients, »'

whereas lGF—I levels normahzed in 68% A decrease in  pituita

atients Wxth‘h’crome al recelvm lon -terrn octreotrde ther
P ega Y 8 G-

eI 1IRNY o € BGLs e T

apy %, T_umor S age_may, “be! dose dependent as it is

"» -

by ~ ~40%, but whether such shnnkage affects the ‘siurgical outcome

remams controversxal 53 Early results w1th the slow-release SST
reot1de LAR -
- (20-30 mg per month) and lanreotrde '(30-60 T two fo three -
times per month) isas ‘effective'as mulhple ‘daily SC injections -

: preparatxons “Suggest that ‘adminisfration ‘of

of ‘octreotide in’ controllmg GH._ hypersecretron 3940 In” most
patlents “with' acromegaly, SST. analogs are more, “effective in

- lowenng GH levels than the' doparmne agomsts bromocnptlne -

. or cabergoline 5., Occasionally, “however,” patients’_(typically
* those “with” mlxed .GH/ prolactm-producmg tumors) exhibit
greater sensmvrty to dopamine réceptor ‘agonists. In addition,
use of a combination of SST analogs and dopamine-receptor
agonists is of value 1n ‘some patrents who do not respond to
exther drug’ alone e CErE
Thyrotropm Secretmg Pltmtary Adenomas * Most TSH-
secrehng tumors are sensitive to octreotide treatment. 6474954 In 73
such tumor cases, octreotide (50-750 ¢ jig SC two to ‘three times
daily) reduced TSH ‘secretionin 92% of cases ‘and c-subunit
secretlon and 93%, with normahzahon of TSH in 79% and resto-

"

patlents “cléar’ ev1dence of tumor shnnkage was, founcl Treat-
* ment is indicated’ for 'residual tumor after surgery “and/or
radlotherapy The place of SST analogs as pnmary therapy for
these tumors remains to be estabhshed :

V ADRENOCORTICOTROPIC HORMONE—SECRETING
PITUITARY ADENOMAS

) Although SST_ eceptors ha :been 1dent1ﬁed in corhcotrope
adenomas, these tumors generally show poor responsiveness to
octreotide. A few patients with invasive corficotrope adenomas
-associated with Nelson syndrome have responded to octreotide
therapy wrth a decrease in ACTH : secretron aswellasa 2 possible

“reduction in tumor size.§ leewrse, some cases of pamneoplastzc _

1410 Ly ™

"ACTH s?aehan from bronchi: lam_i__
trolled by octreotlde"»;, ity

xxlup .u«‘

ymzc carcm

abitie e

an be con-

A :
ry adediomas express SST “recep-

* . ‘and SSTRS subtypes (see Table 169-4). These tumors sécrete low
levels ‘of ‘gonadotropins; but* ‘generally show little ‘change in
turmor size with octreotide therapy despite inhibition of glyco-
protern hormone and suburut release in some mstances 645 oo

Although for many’ years neuroendocnne tumors have been
known to possess SSTRs and to be amenable to treatment with
SST analogs, the more recent realization that common solid
tumors such as breast, colon;, and prostate cancers are also rich

B T T

“cell growth'™ ‘arzest and ‘apoptosis, (X octrédtide” potenhates
: the antrneoplastxc ‘effects of tamoxifen’ in’ expenmental mam-
’mary carcrnoma in the rat,% and (d) SC octreotidet treatment F for

.. furmor size, (25-50%) has" been ‘obsérved ‘in’ 20% to,47%of ..

'6 weeks to 6 years in cornbmahon with norprola’?:"(a doparmne-

... greater ! ‘with larger ‘doses of octreotlde Preoperatrve treatment.? -

’ effechveness "of tamoxifen therapy in 22 pahents w1th advanced
for 81012 weeks shrinks i invasive somatotrope ‘macroadenomas_

- These'curréntly c ongomg “studies will 160k at the'effect of }ugh-
“dose octreotide given'alone as a monthly m]ectron for 2} years or

-ration” of the’ “euthyroid “state in’ the’ majonty54 In 52% 'of -

pi
tors, with'a® preponderance of _the"octreotide-sensitive’ SSTR2:

in SSTRs has led to mounting mterest in the more general onco— o
logic usefulness of SST analogs.2364345 Anyeffect of SST on - .
these tumors appears to be quite va able however, ‘probably .
due to patient selection (e.g., early vs. end-stage disease); the *":-
absence of appropriate SSTRs in the tumors being treated (e.g.,
tumors expressing SSTR1 and SSTR4 do not respond to oct-.
reotide; SSTR3 expression is required for inducing apoptosis);
the presence of mutated p53 gene, which abrogates the apop- - - -
totic effect of SST; and the dose and duration of tréatment. Most
current interest is focused on breast cancer because (a) the mcr- e

......

growth of breast cancer cells in’ v1vo and i 1n vrtro by mducmg

e ppert S

R av s

eceptor agomst to inhibit’ prolactrn secretron) enhanced “the

breast cancer.” These findings have'; generated rnterest in SST as
adjuvant therapy for breast éancer’and have led o several “multi-
center North Amencan “clinical trials mvolvmg >3 000 patxents

in combination with tamoxrfen to" women thh estrogen rece p
tor—posxtxve stage I and stage II bréast cancer. /34

Jnl &-}TH__;"’ SRR _,_xh*_, O
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ing numerous gastromtestmal ‘disorders’ (see Table’, 169-3)
These “conditions 'are ‘more” common  than" neuroendocnne )
tumors and account for muchof the hospltal -based usage ‘of
“octreotide. SST is a potent constrictor of the splanchmc ‘circula-
tion'and is éffective in controlling Variceal bleeding. Ir'a ran-.
»domized, double-blind, placebo-controlled tria] of 120 pahents A0
infusion of SST-14 at a dosage of 250 pg per hour for 5 dayscont. -+
trolled bleeding and reduced transfusion requirements,® Ina -,
study of 100 ‘patients,’ octreotide ‘given_ mtravenously for 48 . - -

~

" hours was as effective as emergency sclerotherapy in the treat- - - -

ment of acute vanceal hemorrhage The anhsecretory effectsof . .-
SST on the pancreas have led to the'successful use of octreotide
'in the treatment of pancreahc fistulas. More than 60 patrents so
“treated haye been descnbed 59 Most reports indicate a closure =
‘rate of pancreatlc fistulas : approx1mat1ng 70% within a week. In
“addition"to’ the ‘diarrhea that occirs”with hormone—secretmg
tumors, other forms of secretory "diarrhea such 2§ that associ-
“ated with high-output ilécstomy, diabetic'diarrheéa, AIDS diar-~ .
.thea, chemotherapy-induced dlarrhea, and diarthea assocxated_ .
with arnylordosrs all have been_ reported fo be’ vanably con- .
‘trolled with”octreotide4” In”these diarrheal states octreotide
‘acts by blockmg “the normal productron ‘of gastnc cand pancre- -
“atic exocrine secretion destined for reabsorphon in_the distal - - -
bowel, and by directly inhibiting intestinal fluid and elecirolyte . .
secretion. In a randomized double-blind trial -involving 10
patients with severe postgastrectomy dumping syndrome, the
administration of octreotide’ 100 Jig 30 Mmiriutes before eating -
prevented the developrnent of .vasomotor symptoms (early °

“dumping) as well as the hypoglycerrua and’ dlarrhea “character-. .

“istic of late dumpmg“’ Finally, in patlents with"sclérodérma -
‘and intestinal dysmotility, thé short-terni administration of oct-
‘reotide’ 1mproved intestinal rnotrhty by stunulatmg the fre-
‘quency of intestinal migrating motor complexes and reducmg
bacterial overgrowth, which led to'an improvement in abdoml-
mal symptoms such as nausea, bloating, and paunﬁ1

R 2y o -..,’ TSR &R Al v L]

Postprandxal and orthostahc hypotensmn in patxents w1th auto-
‘nomic’ neuropathy is gbolished by low dosages’ of octreotide
(0.2-0.4 pg/kg). In these cases, the driig acts as a potent pressor
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agenf and has emerged asa new form of therapy for this condi-
tion as well ‘as for other types of pos?randlal hypotensmn
‘such’as that which cccurs i the.elderly

EHR S S R
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. Although the acute administration of SST produces a large
nu.rpb.er of inhibitory effects, continued exposure results in an
o e§cape from the acute effects of the peptide 28 This may be due to
up—regulatlon of some of the > reeptor subtypes which cornpen-
» saters for the desensitized 1 responses of others and thereby main-
[tains norrnal overall SST [ responsiveness. Side effects assodiated
- thh the long-term adrrurustrahon of ‘octreotide for. up.to 2 -

ears have been ﬁmarkably few 53,7132:4,24%5&;5}, Most patients

e de

and,

T

days No. nutntronal defic:ency has been reported wrth long-. -
“ferm octreotide, therapy. Pafients also adapt rapidly to some of -

a pey

e other effects”of SST (e.g., mlubrtron of insulin and TSH

-e'é;etxon)NA mild unpalrment‘-of glucose | folerance _may occur,

cohsrstmg of a mrld dAncrease in postprand1al ‘glucose levels’

“mal thyroxd function i 1s ‘Mmainfained and hypothyrmdxsm is rare.
'_ Some" effects, however, do persxst for example inhibition of
o gallbladder emptying cz causes a significant increase in the inci-’
- dence’of biliary sludge and cholesterol gallstones in 20% t6 30%
3 ,'; of patients after 1 to 2 years of treatment.6 Those r receiving long-
‘térm treatment warrant ‘initial u]trasonograpluc evaluation,
. and subsequent]y evaluation as’ 5 nécessary, depending on symp-
torns The mcrdence of adverse effects with the slow-release
preparatlons of SST is comparable to that with the subcutane-
- ous injections,¥3%4%-42 Interestingly, the’ persistent steatorrhea
and rmld dlabetes melhtus that are assocxated w1th the chronic
hypersomatostatmemxa in patrents "with - SST-producing
’tumors35 are not observedvm patients dunng Iong—term treat-
~'ment with the slow-release forms of the SST analogs, despite
_the; sustamed lugh blood levels of the’ druigs. This no doubt
) reﬂec}s the narrower bmdmg specrficrty of the synthetrc SST
. analogs, which binds to'only threé of the SSTR 'subtypes, com-
"pared with SST-14 and SST-28, wluch are typically T produced by
somatostatmomas and bmd to all ﬁve SSTRs (see Table 169- -2).
Although normal tissues adapt to the long—term effects of oct-

‘reotide, hormone—producmg tumors ‘continue'to Tespond to oct- -

-‘reoude m]ectlons ‘With persrstent suppressron ©of hormone
, secretron, frequently for several years. This’ sugg ests a di ifferen-

Hal regulahon of SSTRs zn'?forrnal hssues and in_tumors, Tumors
" express a hrgher densrty of SSTRs than do surroundmg normal

- tlssues Concervably, SSTRS 1n tumors behave dlfferently dueto

e b sy
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SOMATOSTATIN RECEPTOR SCANS )

; & .rimc';,’av . trvahaleab’ udy’ o
A ‘m,gt'_hﬂod for the in vivo  imaging of SSTR-posxtxve tumors and -
s ,eu'}rnetastases has, been developed - using-as, radlonuclldes
- [mI]Tyr?u‘pctreotxde or.an mdrum—labeled octreotide prepara-
.tlon*that is. now'avarlable .commercially (WIn-diethylenetri-

. amine pentaac C acrd[DTPA} D-Phe-1-octreotide).37 386361 The

rahonale for the method lies in, the demonstration that most
endocrrne tumors that respond to octreotlde therapy do so
because,they are nch in SSTRs. Direct binding studies of surgi-
cally removed specimens have revealed a higher density of
rece gtors in tumor tissue than in the ‘surrounding healthy tis-
sue,’ % After intravenous administration, the radioligand binds
to S$I'Rs on primary and metastatic tumor cells, which then can
be visualrzed by computenzed y-scintigraphy. Unbound radio-

c'omplau:tM of | pam at the m)ectron site, and_abdominal cramps ¥
mild s steatorrhea “to, which they becorne ‘tolerant after 10 to .

' only w1th mamtenance of normal fasting glucose levels' Nor— :

Wiy L
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ctive material is rapldly degraded in'the llver and excreted in
the bile, or eliminated through the kidneys, The technique’is
relahvely simple and effective. Among 59 patients wrth meta;
static ‘carcinoid disease or pancreatic endocrme tumors, pri-
mary ‘tumors and their metastases were successfully local;g.e_d
in‘all but five'cases (see Table 169-4). Parncularly 1mpresere is
the ability of the receptor-scanning technique to vrsuahze many
unsuspected metastases that escape detéction by chmcal eicalm
nation and convenhonal imaging techmques such as comp'uted
tomographic “scanning “and _magnetic’ resonance rmagrng 3§fj
Overall, the spec1ﬁc1ty of the method 1s hrgh as, ]udged by

* close’ correlatxon _among t “the'i 1n Vivo tumor receptor s_cag_s 'th_g

) rnhrbltory effect of octreotide ‘on the’ secretion 'of hérmone by

. the timor, and the presénce of Ssmsgs'de%mﬁatéd Ey direct
R R N AR T ey RIS SRV i LER
L - PR G IRE Ot Frarel o S aar =i eorr Y- vy o
‘ples 843 SSTR scanning offers several dshn‘ct'a‘dvantage’s&’ over
the’ currently used stahdard 1rnag1ng methods "The first is its

, }ugh power of resolutlon for turnors assr S'small 1 as 1 ‘em'in diame-

" ter,'which aré'difficult to visualize with’ conventrona] scanmh?
: techruques 83 Second, because the, whole body is 1maged -abnor-

-, malities in_ areas ‘not ‘under clinical ¢ susprcron can be dstected
““and_the’ full extent ‘of ‘metastatic’ dlseasé“ zlccurately mapped.
Third, this’ method provrdes a funchonal mdex'of the SSTR stz
‘tus of tumor cells’ that ‘could be useful in o‘f‘_’rr_ta*nag‘efrlent’

' For instance, posxtmty for receptors can predlct ﬁmor Tespor

" 'sivenless to SST therapy : and may s serve asa prognoshc md‘ex of
‘a favorable outcome for some tumors. The techmque has’ some

hrmta’nons The first is that $ecretory tumors that'do not ¢ express

SSTRs are niot amenable to analysis with this method. "Second,

because octreotide does not bind to two of the SSTR subtypes

(types 1 and 4), those tumors that umquely express t.hese  Tecep-,

tor isoforms will escape ‘detection. SST-receptor scans are now.

available at most major centers and are wrdely used in' the
assessment of carcinoid and islet cell tumors para, anglzomas, pheo—
chromocytomas, and medullary thyroid carcinoma.®® They are of Izt-

tle value in the imaging of pituitary tumors wluch are bve‘tte‘r o

defined by conventional techniques. Because ‘of the rich expres-, - . -

sion of the type 2 SSTR in immune and mﬂamrnatory cells, .

lesions of several granulomatous mﬂammatory, and immune dzsor- -

ders have been’ successfully imaged by SSTR scmtlgraphy, for -

.example, rheumatoid joints, sarcord lesrons ‘Hodgkin’s and .

non-Hodgkin’s lymphomas and thyroxd eye  disease. The value

of SST-receptor scan in the routine assessment of these dlSOI'- o

ders, however, remains to be detern’uned
Ve AN r'a"':-l PN
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The property “of nch SSTR expressxon by tur 2l
“their vrsuahzatron by the® receptor-rrnagmg approach can be 5
further apphed to achieve” receptor-targeted ablahon of the B
“tumors. Binding of radioligand to SSTRs on the cell stirface' tng—

- gers their internalization.2 Specifically, SSTR subtypes 2, 3,and -
5, which bind octreotide, all undergo agomst-dependent inter- -
nalization, which suggests”that the use “of “ctreotide-based -
* ligands coupled to a- or B-emitting radrmsotopes could provrde
_amethod for delivering targeted radiation . the interior of the
cell. Prehrmnary results with Puln_IZ[EA]ﬂt:_gg_e [AU: QZ]
in seyeral patients with, inoperable ‘metastatic islet and carci-
“noid tumors suggest partral tumnor responses as, deterrmned by
radiographic_tumor, shrinkage.t5 A second analog of octréotide
labeled with yttrium-90 (7Y- DOTA- -D-Phe!l-Tyr® octreotide), -
[AU: Q3] which is a more potent B—en'uttmg isotope_that ha
been reported to be highly effective'in inducing radionecrosis
of human small cell lung tumor transplanted into nude mice, is
undergoing clinical trials.?’. Because SSTRs are expressed_in
many normal cells that would undoubtedly take up the radioli- -
gands, the question of‘whether significant damage’ to organs

o bl B0 D7k~ e A -
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© (e the pituitary, islets, and gut) occurs with this type of

treatment remains to be’determined.’ Nonetheless, this is a
promising new approach that could be applied not just to neu-
- roendocrine tumors but also to all SSTR rich tumors, and it
: awa1ts further study/ -~ e

e ‘ e
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The kinins are potent vasodilator peptides that are contained in
large precursors (kininogens), from which they are released into
the blood and biologic fluids through the action of proteolytic
enzymes  (kallikreins). In contrast to neuropeptides and many
other endogenous hormonal agents that are synthesized and
stored in nerve and endocrine’cells, kinins are generated in the
blood and tissues.! The kallikrein's, Which are responsible for

_the formation of kinins, originate from the liver (plasma kal-

. likreins), from exocrine glands (glandular kallikreins)? from the
. kidney, and from other organs and tissues.3 The kallikreins exist
- inblood and tissites as precursors (prekallikreins) that are acti-
-Vated by, various chemical and physical factors. Among the

.. endogenous _ activators are the Hageman " factor, - several

< enzymes (trypsin, plasmin; factor XI), and, in Vitro, glass sur-

N AR PR oty ey g 1 parg o e S O T .
_faces, kaolin, collagen, and other charged substances, such as

“cellulose Sulfate** Plasma prekallikrein (with a molecular mass
-of 130,000 daltons) is the precursor of kallikrein (95,000-100,000
"daltons), which'interacts with the high-molecular-mass kinino-
gen  (88,000-114,000,daltons) "3 reléase  the' ! richapeptide

- bradykinin® (Fig. 170-1)."Glandular kallikreins are acidic glyco-
proteins (27,000-43,000 daltons) that release the decapeptide

, kallidin (see Fig. 170-1) from kininogens of low molecular mass
"(48,000-70,000 daltons) 238 allikreins and  kinincgérs have

“béen cloned: Sédinice Strugtires of the enzymes and the sub-

. strates are known (see comprehensive review?8); cz3{ vsr
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Kihin' are rapidly"inactivated by Several proteolytic enzymes
- present in plasma and tissues that act either at the amino or at
_ "the carboxyl end of the kinins (see Fig. 170-1). The metabolic
. products of kinins are inactive except for the bradykinin that is
. released from kallidin by the aminopeptidasé, 4nd the desArg?
- bradykinin or desArg!? kallidin that is released from bradyki-
nin and kallidin by kiniinase 1919 The most efficient system for
Inactivating kinins and activating angiotensin I to angiotensin
11 is kininase I, a carboxydipeptidase that is widely distributed
in"plasma, endothelial cells, and various organs, such as the

lung and the kidney? = '

- tive radioimmunoassays.4.si57 st Stias;
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FIGURE "170-1.” Formation” and 'degradation” of Kinins. (LMW, low
molecular weight;” HMW, high molecular weight.) (From Regoli D.
Polypeptides et antagonistes. In: Giroud J-P, Mathé G, Meyniel G, eds.
Pharmacologie clinique: bases de la thérapeutique, 2nd ed. Paris:
Expansion Scientifique Fran [ :
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" Kininase II is particularly active in the ‘pulmonary vascular

bed: 80% to 95% of kinins are eliminated during the few seconds
in which the blood passes through the pulmonary ‘dirculation.!
Because of their rapid inactivation in the ling’and in'other tis-
sues, the biologic half-lives of bradykinin and kallidin in the dog
are 0.27 and 0.32 minutes, respectively. Thus, s a result of the
balance between the simultaneous processes of production and
inactivation, kinins circulate at very low concentrations. '
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Various investigators have réported ‘extreme’variations (from
0.07-50 g /inL) i irculating Kinin oncentrations in healthy
volunteers, using either  bioassays , or, Tadicimmunoassays.1®
One group:has reported a concentration’of 0.025 ng/mL, a
value 100 to 200 times lower than' any previously reported.12 -
Such " discrepancies “are attributable” largely 5’ the” fact that
prekallikreins in blood are rapidly activated by contact with -
.glass surfaces and by numerous other physical and chemical
- factors.! Therefore; most of thé data on the blood concentration
“of kinifis FEPOHEd Sice the 19705 reflct SRS that e much
00 high compared to'more recent resulfs obtained wi i

¢ ame plas-
s, radigiuriGissay had Yielded Valuet 678 (0 51X times
‘hight?_than those ‘derived from. bioaséay, probably,because
antibodies that are directed against the C-terminal part of the

kinin molecules measure both the biologically active kinins and
(O RS AR : Kl elacs .

2+ When both types of assay’s havé been tsed for the s

some inactive metabolites 410 ¥ 7

T e el i e -
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An increase of bradykinin-like material (me'asu"rgd'liy bioassay

or radioimmunoassay) has been 'reported .in_ the_ blood of
patients affected by the dumping syndrome, postgastrectomy
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Summary
BACKGROUND  We have analysed the distribution of the five somatostatin receptors (sst1-5) by

immunohistochemistry in a large retrospective series of 51 medullary carcinoma of the thyroid

(MCT) specimens and correlated the pattern of sst expression with expression of somatostatin

(SRIF) peptide, tumor pathology and clinical outcome.

MEASUREMENTS Immunohistochemistry was performed with rabbit polyclonal antipeptide
antibodies directed against the extracellular domains or cytoplasmic tail of human (h) sst1-5. SRIF

immunoreactivity was investigated in parallel paraffin sections.

RESULTS 85% of the tumors were positive for one or more sst, localized to both tumor cells as
well as surrounding peritumoral structures, especially blood vessels. 49% of the tumors were
positive for sstl, 43% for sst2, 47% for sst3, 4% for sst4, and 57% for sst5. 51% of tumors
expressed one or two sst subtypes; 33% were positive for three or more sst isoforms. All five sst
receptors were detected in only two cases. Tumors expressing octreotide sensitive subtypes
(sst2,3,5) accounted for 75% of the series. 50% of the tumors coexpressed SRIF suggesting tumor
cell regulation by endogenous SRIF via paracrine/autocrine circuits. There was no correlation
between sst1-5 expression and age, sex, tumor size or stage, histological type or clinical outcome.
Simultaneous analysis of primary tumor and lymph node metastases revealed a similar pattern of sst

immunoreactivity indicating that sst expression is not modified in the course of disease progression.

CONCLUSIONS  With the exception of sst4, MCT display a rich but heterogeneous expression of




3

sst subtypes. Immunohistochemical typing of sst receptor expression using specific antireceptor
antibodies represents an ideal approach for characterizing sst subtype expression in MCT for

optimizing receptor targeted diagnosis and therapy with SRIF analogs.

Medullary carcinoma of the thyroid (MCT) accounts for approximately 5% of all primary
thyroid malignancies (Saad et al., 1984). The tumours arise from parafollicular calcitonin-producing
cells (C-cells) and are related to carcinoid, pheochromocytoma and islet cell tumours whose
progenitor cells form part of the diffuse neuroendocrine system. The peptide somatostatin (SRIF)
is co-produced by a subset of normal human parafollicular cells whereas other C cells contain
calcitonin alone (Van Noordan et al., 1977; Yamada et al., 1977). It is thus not surprising that many
medullary thyroid carcinomas secrete SRIF which may be released directly into the circulation and
which can serve as a circulating tumour marker. Furthermore, injections of SRIF inhibit calcitonin
release suggesting that SRIF that is endogenously produced in the thyroid may act locally as a
paracrine/autocrine regulator of C-cells (Linehan etal., 1979). Somatostatin-positive MCT are
associated with a favourable prognosis. Other markers have also been identified in MCT and include
Carcinoembryonic antigen (CEA), Chromogranin A and various other hormonal peptides which are

focally expressed by tumour cells (Schroder et al., 1992; Papotti et al., 1996).

Somatostatin blocks hormonal and exocrine secretion from many tissues and inhibits cell
proliferation (Reichlin, 1983; Patel, 1999). These actions are mediated via a family of seven
transmembrane domain G-protein coupled receptors with 5 molecular subtypes termed sst1-5 (Patel,
1999; Patel, 1997). These receptors are widely distributed in normal human tissues, typically as a
multiple subtypes that coexist in the same cell (Patel, 1999; Patel, 1997; Kumar et al., 1999; Patel
et al., 1994). The majority of human tumours, either benign or malignant are also generally positive
for sst receptors featuring more than one isotype (Patel, 1997). These include functioning and non-
functioning pituitary tumours, carcinoid tumours, islet cell tumours, thyroid carcinoma,

pheochromocytoma, breast carcinoma, renal carcinoma, prostate carcinoma, meningioma, and
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glioma (Patel, 1997). The general pattern of sst expression in these tumours suggests a very high
frequency of sst 2mRNA in all tumours. mRNA for sst1 is also very abundant followed by sst 3 and

4. Expression of sst5 appears to be tumour specific.

Expression of sst receptors in MCT has been investigated by several different techniques
(Reubi et al., 1987; Reubi et al., 1991; Lamberts et al., 1991; Kwekkeboom et al., 1993; Kurtaran
et al., 1996; Obyme et al., 1996; Behr et al., 1997; Tisell et al., 1997; Mato et al., 1998). The earliest
report was based on binding analysis and failed to identify sst receptors in the few cases tested
(Reubi4et al., 1987). A subsequent larger series showed a heterogenous distribution of SRIF binding
sites in 8/19 cases as revealed by autoradiography (Reubi ef al., 1991). A much higher proportion
of primary and metastatic MCT have been shown to be positive for sst receptors by i vivo receptor
scintigraphy with indium labelled octreotide. (Lamberts et al., 1991; Kwekkeboom et al., 1993;
Kurtaran et al., 1996; Obyrme et al., 1996; Behr et al., 1997; Tisell et al., 1997). These types of in
vitro and in vivo binding studies using labelled SRIF (which binds all five sst subtypes), or octreotide
(which binds sst subtypes 2, 3, 5), however, cannot determine tumour expression of specific sst
subtypes.In an attempt to characterize sst subtype expression, Mato et al analysed 14 cases of MCT
for sst1-5 mRNA by Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) and found sst
mRNA expression in 12 of the 14 tumours (Mato et al., 1998). Although RT-PCR is a sensitive
technique, capable of elucidating sst subtype expression, it is based on mRNA analysis which may
not necessarily correlate with receptor protein expression. Furthermore, this method cannot
determine the cellular and subcellular pattern of sst expression. Since there are no subtype-specific
radio ligands currently available for quantifying individual receptor populations, we have resorted
to immunohistochemistry using a panel of polyclonal antipeptide antibodies against human (h) sst1-5
that we have developed. (Kumar et al., 1999; Kumar et al., 1997). Here we have characterized the
distribution of all 5 sst receptors by immunohistochemistry in 51 MCT tumours and correlated their
pattern of expression with the expression of SRIF peptide, clinical pathological parameters, and

clinical outcome.




Materials and Methods
Tumors

51 cases of MCT encountered between 1974-1997 in which residual paraffin blocks were
available for further sectioning, were retrieved from the pathology files of the University of Turin.
All cases where reviewed and the final diagnosis was confirmed either on morphological grounds
or on immunohistochemical findings (Calcitonin and chromogranin A positive; thyroglobulin

negative). A representative block of each tumor was selected for immunohistochemical analysis .

Clinical Pathological Data

The 51 cases comprised 20 males and 31 females with a mean age of 49 years (median age
50) (Table 1). Eight cases were hereditary in the setting of MEN2A- or MEN2B-affected families,
and the remaining 43 were apparently sporadic tumours. In five cases; cervical lymph node
metastases were studied in parallel. Clinico-pathological data were available in 46 cases (5 cases
were lost to follow-up) and included tumor size, tumor stage, disease progression, current status and
outcome. Mean tumor size was 3.3cm. Three cases had extrathyroidal involvement at surgery (Stage
pT4). Cervical lymph node metastases were found at operation in 25/45 (55.5%) of patients in whom
node dissection was performed. 12 patients developed local recurrences or lymph node metastases
or distant spread 1 to 12 years after diagnosis. Excluding the 2 cases of postoperative death, and the
5 patients lost to follow up, 23 are currently alive and free of disease 1-17 years after operation and
the remaining 21 /44 are either alive with disease progression or have died from their disease 1- 27

years after surgery.

Antibodies to sst1-5

Antipeptide rabbit polyclonal antibodies specific for sst1-5 were produced and characterized
as described elsewhere (Kumar et al., 1999; Kumar et al., 1997). Synthetic oligopeptides
corresponding to deduced sequences in the amino terminal segment or extracellular loop 3 or
cytoplasmic tail of human (h) sst1-5 were conjugated to keyhole limpet haemocyanin with
glutaraldehyde. Rabbits were immunized and the resulting antisera characterized by the ability to

inhibit ['*I LTT] SRIF-28 binding to membrane sst receptors, by immunocytochemistry of stable




CHO-K1 cell individually transfected with hsst1-5, and by western blot analysis.

Immunohistochemistry

5uM thick sections were collected onto poly-L-lysine-coated slides and processed for
immunohistochemistry. Sections were incubated with hsst1-5 primary antibodies (diluted 1/200
ovérnight at room temperature). Somatostatin was detected using a commercially available antibody
(Oxford Biomarketing, Oxford UK) incubated at 1:3000 dilution for 2h at room temperature after
antigen retrieval using 3-minute passages in microwave oven in citrate buffer pH 6.0. After
successive washes in Tris-buffered saline, sections were incubated with goat anti-rabbit secondary
antibody at room temperature followed by exposure to peroxidase-labelled streptavidin (LSAB2,
Dako, Glostrup, Denmark). Diaminobenzidine served as substrate for the peroxidase reaction. Nuclei
were either unstained or lightly counterstained with hemalum. Controls used to validate the
specificity of the sst immunoreactivity included pre-immune serum in place of primary antibody and

antibody absorbed with excess antigen. (Kumar et al.; 1999; Kumar et al., 1997).

Data Analysis

Statistical analysis was performed using the chi-square test.

Results
Immunohistochemistry

The results of the immunohistochemical analysis of SRIF and sst1-5 are summarized in Table
1. Immunoreactivity for sst1-5 was identified in 27, 22, 24, 2, and 29 of the 51 MCT tumors
respectively corresponding to a positivity rate of 49% for sst1, 43% for sst2, 47% for sst3, 4% for
sst4, and 57% for sst5. Overall 43 out of 51 (84%) of MCT tumors were positive for at least one sst
subtype, 51% of tumors expressed one or two sst subtypes and a third (33.3%) were positive for
three or more sst isoforms. All five sst receptors were detected in 2 cases only. Tumors expressing

octreotide sensitive subtypes (sst2, 3, 5) accounted for 38/51 (75%) of the series.

In positive cases, sst1-5 immunostaining was present in 20-80% of the neoplastic cell
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population and was localized predominantly to the plasma membrane and variably within the
cytoplasm (Fig. 1a,b,d,e,g,i). One third of the cases had limited tumor clusters or single cells reactive
only (approximately 5-10% of the tumor) and were labelled as “focal positive”. The
immunoreactivity observed in each case was specific and was not seen in control sections stained
with pre-immune sera or with antigen absorbed antibody. (Fig.1£h). In cases expressing more than
" one sst subtype, the spatial distribution of the individual types in the tumor cells overlapped partially
only (Fig. 2a-d). While some areas of the same tumor nests were positive for all of the sst subtypes
expressed by the given tumor, this was not the case in the majority of MCT which displayed a
heterogenous pattern of distribution of the various sst subtypes. Peritumoral thyroid tissue was
generally negative for sst expression. In capsular or stromal tissues, blood vessel walls, especially
smooth muscle cells were immunostained by antibodies to sstl and sst2 and there was focal
expression of sst3 and sst5 (Fig. 1d,e). The pattern of expression of sst subtypes in the five cases of
lymph node metastases that were studied, revealed a similar receptor profile to that of the

corresponding primary tumors.

Expression of SRIF

Serial tumor sections were immunostained for SRIF and showed 50% of cases (25/51) to be
positive (Table 2). Immunoreactive SRIF was usually confined to a small subset (5-10%) of tumor
cells (Fig. 2e-h). A comparison of the expression of sst1-5 with that of SRIF showed that of the 25
cases positive for SRIF, 21 also expressed at least 1 sst type and 10 were reactive for 3 or more ssts
(Table 2). SRIF expression however was positive in 4 of the 6 tumors that lacked any sst receptors.
No significant association of SRIF expression with any particular sst type was observed. Likewise
a comparison of sst expression with clinical or pathological parameters revealed no significant
correlation with sex, age, family history, tumor size or stage, clinical evolution, or outcome. In

addition SRIF expression was not significantly associated with a favourable prognosis.

Discussion
The present study represents the first immunohistochemical localization of all 5 sst receptors

in human MCT. We show that 85% of tumors express sst receptors, which are localized to both
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tumor cells as well as surrounding peritumoral structures especially blood vessels. Two thirds of the
tumors express more than one sst subtype and half the tumors are also positive for SRIF. sst5, sstl,
sst3 and sst2 are frequently expressed subtypes occurring in 40-60% of tumors whereas sst4 is

virtually undetectable.

To date, sst expression in MCT has been evaluated by binding assays using non-selective
radioligands such as ["ZIJLTT SRIF-28 (which binds all 5 sst subtypes) and ["*’I] Tyr3-octreotide
(which binds sst2, 3, 5 but not sst1 and sst4) or by RT-PCR and in situ hybridization which detects
sst mRNA but not sst-protein (Reubi ez al., 1987; Reubi et al., 1991; Mato et al., 1998; Reubi et al.,
1994). Furthermore with the possible exception of in situ hybridization, none of these procedures
can map the cellular distribution of the various sst subtypes. Immunohistochemistry thus is clearly
the method of choice for characterizing sst subtype expression in MCT and other tumors, but is
dependent on the availability of specific antireceptor antibodies. Several groups have now produced
polyclonal antibodies to one or more sst subtypes and used them successfully in
immunocytochemistry (Kumar ez al., 1999; Patel et al., 1994; Hunyady et al., 1997, Helboe et al.,
1997; Schindler et al., 1997; Janson et al., 1998; Khare et al., 1999). Our panel of antibodies against
all 5 sst subtypes has been validated by western blots and used successfully to localize sst1-5
antigens at cellular and subcellular levels by fluorescence or peroxidase immunocytochemistry in
human ilets, rat pituitary and aorta, in tumor cell lines, and in cells transfected with sst genes (Kumar

et al., 1999; Patel et al., 1994; Kumar et al., 1997; Khare et al., 1999).

Because our study was carried retrospectively on fixed paraffin embedded tissue which is not
optimal for mRNA analysis, and because of the limited availability of matching frozen specimens
of MCT tumors, it was not possible to analyse sst expression at both protein and mRNA levels in
this series. However a recent report by Mato et al described the pattern of expression of sst1-5
mRNA by RT-PCR in 14 MCT tumors and found expression of sst1, 2, 3 and 5 in 28%, 79%, 36%
and 64% of cases respectively, whereas sst4 was absent (Mato et al., 1998). Except for a slightly
higher incidence of sst1 and a lower incidence of sst2, our results generally show good agreement

suggesting that sst mMRNA in these tumors can serve as an index of sst protein expression. 65% of
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the tumors in our series were positive for one or more of the sst subtypes 2, 3, 5 which binds to
octreotide. This is in close agreement with the results of somatostatin receptor scanning in patients
with MCT using Indium-octreotide which has shown positive tumor uptake in 58-72% of cases
. (Lamberts et al., 1991; Kwekkeboom et al., 1993; Kurtaran et al., 1996; Obyme et al., 1996; Behr
et al., 1997;Tisell et al., 1997). Four of the tumors in our series expressed solely the sst1 subtype
which would not be detected by receptor scans using octreotide-based radionuclides. Furthermore
sst] was an abundant subtype in half the tumors where it was expressed with additional subtypes.
This means that the sensitivity of current somatostatin receptor scans could be improved with radio-
ligands with a broader specificity to include sstl in addition to sst2, 3, 5. Besides MCT, cell lines
derived from papillary, follicular and anaplastic thyroid carcinoma have been reported to show sst
mRNA expression as analysed by RT-PCR (Ain et al., 1997). However the pattern of sst subtype
expression is different from that in MCT with preferential expression of subtypes 3 and 5, weak
éxpression of sstl and sst2 and virtual absence sst4.

Although SRIF is a normal constituent of a subset of calcitonin producing cells, the peptide
has been variably localized in MCT tumors. For instance Pacini et al detected SRIF by
immunohistochemistry in 63% of tumors and correlated its expression with a favourable prognosis
(Pacini et al., 1991). Mato et al localized SRIF immunoreactivity in all of the 14 MCT cases,
whereas Kwekkeboom et al localized the peptide by immunohistochemistry in only 1 of 8 tumors
(Kwekkeboom et al., 1993; Mato et al., 1998). In our series 50% of cases displayed SRIF
immunoreactivity in a small percentage of the neoplastic cell population. The majority of these
cases were also positive for at least one sst subtype suggesting that endogenous sst interacts with its
own receptors through paracrine/autocrine circuits. Contrary to the results of Pacini et al (1991) we
found no correlation between SRIF immunoreactivity and the clinical outcome of MCT and were

unable to confirm the reported beneficial prognostic influence of SRIF expression.

Comparison of sst expression with clinical and pathological parameters revealed no
correlation with age, sex, tumor size or stage. Likewise the histological type or the clinical outcome

showed no relationship to any given sst subtype in agreement with the findings of Reubi et al (Reubi
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et al., 1991). Simultaneous analysis of primary tumor and lymph node metastases in a small number
of cases revealed a similar pattern of sst immunoreactivity indicating that sst expression is not
modified in the course of disease progression. With respect to tumor grade, an earlier report (Reubi
et al., 1991) found the presence of SRIF binding sites to be associated with well differentiated MCT.
We could not confirm that sst expression was more common in differentiated tumors as opposed to
diffusely growing solid and necrotic tumors. This could be because grading of MCT tumors is

difficult and not as reliable as for other types of cancers.

Within the normal thyroid gland, C-cells are presumed targets of SRIF action and are likely
to be sst positive since administration of SRIF has been shown to inhibit calcitonin secretion
(Linehan et al., 1979). We could not identify sst immunostaining of any normal C-cells in those
sections in which there was sufficient peritumoral tissue for analysis. Although normal thyroid cells
were reported by Ain et al (1997) to express sst3 and sst5 mRNA by RT-PCR, normal thyroid
follicles were unreactive by immunohistochemistry in the present study. The peritumoral structures
that were positively labelled by sst antisera were smooth muscle cells in the media of blood vessels

which stained diffusely with anti-sst1 and sst2 antibodies and focally by anti-sst3 and sst5.

In conclusion, we have shown that like other neuroendocrine tumors, MCT is rich in sst
receptors which were demonstrated by immunohistochemistry in 85% of tumor samples studied.
Receptor types 1, 2, 3, and 5 are the predominant isoforms expressed, whereas sst4 is virtually
absent. 70% of the tumors express more than one sst subtype and 50% coexpress SRIF suggesting
tumor cell regulation by endogenous SRIF via paracrine/autocrine circuits. Immunohistochemical
typing of sst receptor expression using specific antireceptor antibodies represents an ideal approach
for characterizing sst subtype expression in MCT for optimising receptor targeted diagnosis and

therapy with SRIF analogues.
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FIGURE LEGENDS

Representative sections of medullary thyroid carcinoma illustrating pattern of
expression of sst protein. sst immunostaining was predominantly localized to the
plasma membrane but was also variably observed in the cytoplasm. (a) case 7 -
Nests of polygonal tumor cells positive for sstl at both membrane (arrowheads) and
cytoplasmic levels. (b) case 19 - sst2 immunostaining appears mainly membranous
in several tumor cells (arrow heads), while normal thyroid follicles are negative
(arrow). (c) case 19 - the specificity of anti-sst2 antibody is demonstrated by
negative staining of the same tumor region as in b immunostained with the antiserum
preadsorbed with the immunizing peptide. (d,e) case 40 - cytoplasmic staining with
occasional membrane reinforcement is characteristic of sst3 (arrow heads); capillary
endothelial cells are also reactive (arrows) (f); The same tumor area as in d,e shows
no reaction using preimmune rabbit serum. (g-j) case 40 - sst5 expression in this
case shows preferential membrane localization (g,i) (arrowheads); control sections
reacted with preimmune serum show no staining (h); neural thyroid thyroid follicles
appear to be unreactive (j). Sections were processed for peroxidase
immunocytochemistry and lightly counterstained with haemalum (a-d, f-h); 400 x
ei,j.

Sections of medullary thyroid carcinoma (case 38, 42) analysed for simultaneous
expression of sst receptors and somatostatin (SRIF). a-d. Polygonal tumor cells in
the same tumor showing variable cytoplasmic and/or membranes (arrows) staining
for sst1 (a), sst2 (b), sst3 (c), and sst5 (d). sst4 was negative in both tumors (not
shown). €,f In the same tumor area, a weak positivity for sst2 (e) is associated with
the presence of SRIF (arrows) (f). g,h Case 42 illustrating diffuse localization of sst3
(g) in a tumor area also displaying intense focal expression of SRIF (arrows) (h).
Sections were processed for peroxidase immunocytochemistry and lightly

counterstained with haemalum. (a-d, 1000 x); (e & f, 200 x); (g & h, 400 x).




Table 1 T T
N° Sex/age Size(cm) pINM H/S  Rec/mts Status  SRIF SSt status .
! 2 3 4 5
1 F/60 5 pT.NM, H NED 10 - - - +f - +f
2 F/36 3 pTNeM, S NED 17 - - - +f . +f
3 Fl 1.5  pTaNeM, S DOC 12 - - +f - - -
4  F/64 5 pTsNM, S NED 12 - +f - +f - +f
5 F/51 35 pT-NM, S NED 5 - - - - - .
6 M/20 3.5 pT-NM, S lost - - - - - +d
7 M/68 2.5 pT.NiM, S med, In, bone DOD 8 - +d +d - - -
8 Fl46 3.5 pTNM, S NED7 + +d +f - -  4f
9 F/28 2 pTNoM, H NED 6 - +d +f - - +f
10 M727 3 pTNeM, H NED 15 - +d - - - -
11  F/20 4.5 pTsNiMy S trachea, lung AWD 5 - +f - - - -
12 M/A47 0.5 pTiNiMy S local AWD 5 - +d - - - -
13  F/64 . 3 pToNiM, S trachea,lung AWDA4 + +d +d +f +d +d
14  F/33 2 pT:NeM, S NED 4 + - - - - -
15 F/55 1.5 pTaNMy S med, In DOD 2 + - - +f - +f
16 M/74 2 PTNM, S . DOD 1 + - - +d - +d
17  F/30 3.5 pT.NM; S NED 3 + - +d - - +d
18 F/60 1.5 pTsNeM, S lost - - - +d - +d
19  M/58 5 pTsNIM, S DOD 11 - +d +d +d - +d
20 M/28 0.7 pTiNIM, S AWD 1 - - - - - +f
21 M/32 0.7 pTiNiMy, H local AWD 1 - +f - - - -
22 F/51 5 pT.NiM; S lung AWD 23 + +d +f - - -
23 M/16 2.5 pTaulNiM, H AWD 2 + +f - +d - .
24 M/29 4 pT-NoM, S AWD 12 - +d +f +d - .
25 M/27 4 pT-NiM, S lost + - - +d - +d
26 F/68 6 pT;NEMo S POD + - - - - -
27 F/70 2 pTsNiM, S NED 4 + +d +d - - +f
28 M/75 4 pToNM; S bone DOD 4 + +d +d +f +d +d
29  F/68 20 pT:NeM, S POD - - - .
30 M/68 4 pTNiM, S NED 1 + +d - - - +d
31 F/62 2 pT-NeM, S NED 8 - - - +d - +d
32 M/55 n.a. n.a. S NED 5 + +f +f - - +d
33  F/53 5 pT:NiM, S DOD 8 + +d +f - - +f
34  F/47 2.5 pT-NeMy S NED 2 + +d +f - - -
35 F/535 2.1 pTNM, S NED 4 - +d - +d - +f
36 M/31 2.5 pT-NiM; S I, bone, liver  DOD 2 +  +d - +f - .
37 F/68 1.7 pT.NiMy, H NED 1.5 - +f +d - - -
38  F/47 1.8 pT.NM, S NED25 + - +d - - -
39 F/36 33 pT-NeM, H liver AWD 27 + - - +d - +d
40 M/62 5 pTsNiM, S DOD 7 + - +f +d - +d
41  F/34 4 pT-NM, S lost - +f +d +d - +d
42 F/44 3 pT-NiM, S AWD 5 + +d +d +d4d - +d
43 M/77 8 pTsuNMy S NED 1.5 - - - - - -
44 M/23 33 PT.NM, S In, local NED 1 + +d +d +d - +d
45 M/33 0.3 pTINIM, S NED 1 - - - - - -
46 M/59 4 pToNeMy S NED 1 + - - - - -
47  F/46 2 pT-N\M; S NED 1 + +d - +d - +d
48 F/48 0.8 pTiNM, S lost - 4+d +f +d - +d
49  F/48 1.7 pT-NiM, S NED 2 - - - +d - +d
50 F/28 2 pT-NiMy; H AWDI12 + - - - - -
51 F/32 2.5 pT.NiMy, S med, bone, AWD 2 - - +f +d - -

liver, In
Abbreviations. pTNM: pathological staging; H: hereditary; S: sporadic; Rec: recurrences; mts: metastases; SRIF:
somatostatin; sst: somatostatin receptors; n.a.: not available; med: mediastinum; In: lymph node; NED: no evidence of
disease; DOD: died of disease; DOC: died of other causes; AWD: alive with disease; POD: post-operatve death; d:
diffuse (20-80%y); f: focal (5-20%).
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TABLE 2

Immunohistochemical Detection of SRIF and sst1-5 in 51 Medullary Carcinomas of the

Thyroid
Antigen No. Positive % Positive
SRIF 25/51 49%
sstl 25/51 49%
sst2 22/51 43%
sst3 24/51 47%
sst4 2/51 4%
sst5 29/51 57%-
SRIF + sst* 21/51 41%

Abbreviations:  SRIF, somatostatin; sst, somatostatin receptor; *, at least one sst subtype

coexpressed with somatostatin.
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would yield proteins of 13, 11, or 6 kD. Proteins of 11 and 6 kD size are seen by
Western blot; Bax N-terminal antibocies detected no prctein, consistent with an
alternate translation start. BAXJwas TA-cloned into a vectcr containing Lac
promoter: 100% of colonies contained insert in antisense crientaticn, suggesting
BAXmay select against E.coli growth. Evidence that BAXpromotes cell death
includes (1) stable transfectants could not be established and (2) increased cell
death followed transient transfecticn of A2780 and Cos-7 cell lines, Confocal
microscopy data on co-localization of a BAXJ-GFP (Green Fluorescent Protein)
fusion construct with MitoTracker Red dye and with BAXa-fusion protein are
pending. Thus, BAX promates cell death despite absence of the BH3 domain; its
cellular localization and potential interactions with Baxaremain to be defined
(Support:ACS RPG2806101-CCE).

#982 PORE-FORMING ABILITY OF CLEAVED BCL-2 RELEASES HEMO-
GLOBIN FROM SHEEP RED BLOOD CELLS. Catheryne Chen, and B. Chen,
Wayne State Sch of Medicine, Detroit, MI

Bcl-2 family proteins are thought to control the opening of the permeability pore
on mitochondria and facilitate the release of cytochrome ¢. We showed recently
that Z-LLL-CHO, a reversible proteasome inhibitor, is a potent inducer of apo-
ptosis in human THP-1 leukemia cells. Apoptosis induced by Z-LLL-CHO is
mediated through a cytcchrome c-dependent pathway, which resuits in the
activation of caspase-9 and -3 and the cleavage of mitochondrial Be!-2 into a
shortened fragment, Bcl-2/A34. The role of Ecl-2/134 fragment in regulating
cytochrome ¢ release was investigated. Results from cell fracticnation and im-
munoblot analyses showed that Bcl-2 and Bci-2/A34 are located on the mito-
chondria of THP-1 cells. Treatment of isclated mitochendria with recombinant
caspase-3 induced the same cleavage of Bcl-2 in vitro and caused the release of
cytcchrome ¢ frem mitochondria. The pore-ferming ability of Bel-2/A34 was
examined using sheep red bicod cells (RBC) with in vitro translated Bcl-2/124.
Bcl-2/A34 fragment protein, generated frem in vitro transiation, was relccated
rapidly to sheep REC and. in the presence of anti-Bcl-2 antibedies. triggered a
rapid release of hemoglobin frcm REC. Treatment of sheep REC with anti-Bc¢!-2
antitodies alone did not trigger hemcglotin release. Our results suggest that.
upcn “enicrced dimerization,” Bcl-2/1234 fragment can form pores in membranes
and contribute to the release of cytcchrome ¢ in apoptosis.

#2983 PROTEASOME-MEDIATED DOWNREGULATION OF PHOSPHORY-
LATED BCL2 -A KEY REGULATOR FOR ANTI-APQOPTOTIC FUNCTION OF
NATIVE BCL2? Aruna Basu. Sun Ah Ycu. and Sutrata Halcar, Irefand Cancer Ctr,
Metro Health/ Case Western Resarve Univ. Cleveland, OH, and Rammelkarmp Cir
For ECu & Res

The onccgene derived protein Bc!2 and its family members such as Ecl-xL.
Mc!-1 can confer negative contrcl in the pathway cf cellular suicide machinery.
The reversible phosphorylation of the cemgonents in the apoptotic-signaiing
pathway is likely to ke an impertant reculatory mechanism to centrol the fate of
a cell. Phosphorylaticn of anti -acostetic proteins such as Bel2. Ecl-xL cr Mcl-1
can regulate their functicn depencing cn the apeptctic tricger or cell type. Studies
reported here document the ability of cantharidin, a highly potent Group 2A
phosphatase (PP2A) inhibitcr to tricger phcscherylation of Bel2 in a pane! cf
cancer cells. Due to cantharidin excosure. phoscherylated Bci2 is either cleaved
to a 22 kDa fragment or comgletely cown regulated degencing on cell tyce.
Interestingly, by site directed mutacenesis. we confirm that 8ci2 phosghcerylation
precedes its cleavage. Further studies reveal that degradaticn of phosphe Eci2 is
mediated by proteasomes. Proteascme -medciated phosgho Bei2 cleavage pre-
dominantly occurs at G0-G1-S phase of cell cycle. Interestingly, while accumu-
lation of phosphoforms of Bcl2 premotes death advantage to cancer cells. its
downregulation by proteasome might rencer native Bc!2 {ncn phospho ferms) to
exert anti-apoptotic function.

#9084 GENOMIC ORGANIZATION AND EVOLUTICNARY CONSERVATION
OF MCL-1, AN ANTIAPOPTOTIC BCL-2 FAMILY GENE. Chancra P Leo, S. Y
Hsu. and A. J W Hsueh, Stanicrd Univ Med Ctr, Stenford, CA, and Univ of Leiczig,
Leipzig, Germany

Mcl-1 (Myeleid cell leukemia-1) is an antiapeptotic memter cf the Bcl-2 family
and has been implicated in the pathobiclogy of different human necplasms. In the
present study, we determined the gencmic organization of the human Mc!-1 lccus
and identified two previously unknown Mci-1 orthclegs. The human Mcl-1 pretsin
is enccced by three exons, separated by two introns of 0.35 kbp and >1.0 kto
size, respectively. We compared the gencmic structure of Mcl-1 with that of other
mammalian Bcl-2-related genes. This analysis revealed that the Iccalizaticn of
introns with respect to nucleotide seguences encoding the functicnally critical EH
(Bc!-2 homology).) domains is partially conserved between Mcl-1 and other
antiapcptetic Bel-2 family members. These findings suggest their possible deri-
vaticn from a common evolutionary ancestor. In eorder to further expicre the
evolution of the Mcl-1 gene. we searched for novel Mc!-1 crtholegs in other
species. By performing yeast-two hybrid screenings and homolcgy searches in
putlic datatases, we icentified two previcusly unknown Mcl-1-hemolcceus
cDNA seguences in rat and zebrafish. The decuced rat Mc!-1 amino acid se-
quence is 78% identical with the human Mcl-1 protein, including a comalets
conservation of the Ecl-2 hcmolcgy demains EH1, BH2 and BH3 as well as ih
transmembrane regicn. The zebrafish seguence regresents the first Bcl-2 famiiy
gene cescribed in telecsts, its clcsest hemeleg among memmalian Bcl-2 famiy

members being Mcl-1. A comprehensive analysis of the new Mci-1 homolge-
those in other species showed a number of universally conserved residugl
may therefore lead to the icentification of new structura features important f}
function of Mcl-1. ‘

#985 A ROLE FOR PROTEIN KINASE C IN PHOSPHORYLATION
INACTIVATION OF THE DEATH AGONIST BAD. Xianjun Fang, Shuangxir,
and Gordon B Mills, MD Anderson Cancer Ctr, Houston, TX

BAD, a distant member of the Bcl-2 family, exerts its proapeptotic ¢
through forming heterodimer with Bcl-2 ang Bcl-X,. The function of B,
regulated, in part, by phosphoryiation of Serine-112 (S-112) and Serine
(S-136). Phosphorylation at either site induces disscciation of BAD from Bgl-2
Bcl-X_ and transiocation to the cytosol where it binds to 14-3-3. A numt.
signaling molecules including Akt/PKB, PKA and MAPK have been implicat:
BAD phosphorylation. Here we describe an essential role for protein kina-
(PKC) activity in the regulation of BAD phosphorylation. In HEK 293 and 373«
phosphorylation of BAD at S-112 and S-136 is differentially stimuiated by gre
or survival factors. suggesting that multiple signaling pathways are involved ir
regulation of BAD phospharylation. Growth/survival factor-incuced phosphc:
tion of BAD, particularly at the S-112 site, is highly sensitive to PXC inhibi
Bisindolymaleimide | and Ro-31-8220. Activation of PKC by treatment of cult.
cells with TPA is sufficient to induce BAD phosphorylation at both sites, pa
ularly at S-112. A mutant platelet-derived growth factor recegtor that retaine
ability to activate the PLC-PKC signaling pathway, with all other known signe
functions inactivated. retains the ability to stimulate BAD phesghoryiatic:
S-112. Furthermore, FKC inhibitors ennance BAD-induced agceptosis in tr:
fected cells. These results collectively incicate a rcle for PKC in ghesphorylz
and function of the ceath molecule BAD.

#G86 BCL-XS INDUCES CYTOCHROME C RELEASE, REDISTRIBUT,
OF AIF, AND UNIQUE CHANGES IN CHROMATIN STRUCTURE WITHC
CASPASE ACTIVATION IN 3T3 CELLS. Jorcdan S Fridman. Santos A S
CGuido Kroemer, and Jonathan Maytaum, Cir Naticral ce la Research Scien:
Villejuif, Frarnce. and Univ of Michigan, Ann Arsor, MI ’

Expression of bcl-XS in 373 cells (using a tetracycline-requlated retro:
expression system) induces cell death withcut requiring or activating caspas
Upon exgression of tc!-XS the mitochoncria lose their membrane cotential (!
and the cristae swell, becoming unfolded and discrganized. Furthermore, c
chrome c is refeased into the cytesol (without detectable caspase activation) £
the mitcchondrial intra-memtrane protein AIF (zcoctosis inducing factor) rec
tributes in the cell. but not into the nucieus. Even in the absence of AIF entry it
the nucleus. the nuclear chromatin (upon expressicn of bcl-XSj cendenses ir
large clumps but does not form organized crescents abeut the nucear periphe
as is the case upen induction of caspases and accptosis by acditicn of anti-F
antitedy and actinomycin D. These changes in chromatin structure also oc:
without detectatle cleavage of DFF45/ICAD. This ceil ceath pathway is uniqus
that a pro-ceath bc!-2 family memier ills withcut inducticn of caspases {up
release of cytccareme ¢) and with morghelegical changes to the nucleus that 2
unique from caspase-meciated changes in Fas/Act D treated cells. These ak
ations are not acccunted for by activaticn of DFFXC/CAD (by cleavage of DFF-
ICAD) or by translocation of AIF to the nucleus and may reprasent a nc
pathway of prcgrammed cell death.

#987 SHP-1-DEPENDENT, CASPASE-3-MEDIATED, ACIDIFICATION AR
APOPTOSIS ARE NOT DEPENDENT ON MITOCHONDRIAL DYSFUNCTIC
Danni Liu, Giovanni Martino, Muthusamy Thangaraju, Monika Sharma, Fav.
Halwani, Shi-Hsiang Shen, Yogesh C Patel. and Ccimbatore B Srikant. Mayo C
& Fcn, Rochester, MN, McGill Univ, Montrzal, FQ. Canada, McGill Univ and Fc:
Victeria Hosp. Montreal, PQ. Canaca, and NRC Eictech Res Institute, Montr
FQ, Canaca

Activation of initiator and effector caspases. and mitcchondrial changes I
involve a reducticn in its membrane potential and reiease of cytechreme ¢ (cyt
into the cytesol, are characteristic features of apoptosis. These changes E
associated with cell acidification in some models of apcptosis. The hierarchic
relationship between the activation of the initiatcr and effector caspases, M
chondrial dysfunction and acidificaticn has. however, not been decipherad. v
have shown that somatostatin {SST), acting via the src homolcgy 2 bear
tyrcsine phosphatase SHP-1, induces acidification and agcptesis in HTE--.
clone of MCF-7 cells (Thangaraju et al., J. Biol. Chem.274; 28548-20555, 168:
We have now invetigated the temperal sequence of apoptotic events link”
caspase activation, acidification and mitcchcndrial dysfuncticn and the effects -
the proton ionophere nigericin-induced pH clamping and cell permeatle
rapeptice aldehyde inhibitors of specific caspases in this system. We regort ¢
that () SHP-1-mediated caspase-8 activaticn is required for intracellular acic
cation.(ii) decrease in pH is necessary for the activation of the effectcr caspas?
(i) the recucticn in mitochoncrial memtrane pctential, cyt ¢ release
caspase-9 activation occur distal to SST-induced zcicification, and (iv) defie -
of ATP atlates SST-incuced cyt ¢ release and casoase-9 activaticn. but ric* _
ability to incuce effecter caspases and apoptosis. These data raveal that 5‘
1-/caspase-8-mediated acidificaticn cccurs at a site other than the m:tcp-’»»
drion and that SST-inducsd apcptesis is not degcendent cn the cisruptich
mitcchendrial functicn and caspase-9 zctivation.
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APO_PTOTIC SIGNALLING BY SOMATOSTATIN RECEPTOR TYPE 3 (SSTR3)
REQUIRES MOLECULAR SIGNALS IN THE RECEPTOR C-TAIL

Y.C. Patel, M. Rocheville, L. Seeman, R. Sasi, C.B. Srikant, S. Khare, M. Chan, and
oo oo UsKumar .

Fraser Laboratories, Departments of Medicine and Neurology and Neurosurgery, Royal
Victoria Hosp1tal and Montreal Neurologlcal Instltute Montreal Quebec H3A 1Al

yogesh patel@muhc mcg111 ca

Somatostatin (SST) acts through five G protein coupled receptors (SSTR1-5) to inhibit
proliferation of normal and tumor cells. Breast cancers are rich in SSTRs and may be
amenable to treatment with selective SST compounds. In 98 primary ductal NOS tumors, we
found expression of mRNA for SSTR1,2,3,4,5 by RT-PCR in 91%, 96%, 98%, 76%, and
54% respectively. In CHO cells individually transfected with SSTR1-5, we have previously
reported that activation of SSTR1,2,4,5 induces cell cycle arrest (SSTRS > 2 >4 > 1) whereas
SSTR3 uniquely triggers apoptosis. Complementary experiments to test the effect of
antisense blockade of individual endogenous SSTRs on cell proliferation of MCF7 cells
(which express SSTR1,2,3,5) confirmed the relatively high potency of SSTR3 and SSTR5
in inducing antiproliferation. Treatment with selective nonpeptide agonists for SSTR1-5
(provided by Merck) documented the potent effect of the SSTR3 selective agonist L-796778
in inducing apoptosis. To characterize the structural determinants of SSTR3-dependent
apoptosis, we conducted mutational analysis of the role of the cytoplasmic C-tail of hSSTR3
in inducing apoptosis with the following mutants: (i) deletion of the hSSTR3 C-tail (AC-tail);
(i1) introduction of a palmitoylation motif in hNSSTR3 C-tail (P6). SSTR3 is the only SSTR -
whose C-tail does not possess a palmitoylation anchor shown in other receptors to be
important in receptor function; (iii) chimeric hRSSTR3/hSSTRS receptor substituting the C-tail
domain of hSSTR3 with that of hSSTRS (C4). Wild type (wt) and mutant SSTR3 were stably
expressed in HEK cells cultured with or without SST-14 (1 pM). Cell numbers and apoptosis
were monitored by MTT and TUNEL assays respectively. Compared to nontransfected HEK
cells, wt hSSTR3 cells treated with SST-14 showed 56 + 8% inhibition of cell growth at day
4. The AC-tail and P6 mutants displayed marked attenuation of the ability to inhibit SST-14-
induced cell growth (39 + 12% and 27 + 8% respectively of the maximum response of wt
hSSTR3). Deletion of the C-tail of hSSTR3 (A C-tail) or substitution of hSSTR3 C-tail with
that of hSSTRS (C4) abrogated the cytotoxic property of hSSTR3. Conclusions: SST inhibits
proliferation of breast tumor cells via multiple SSTRs. SSTR3 and SSTRS are the principal
antiproliferative subtypes and differentially induce apoptosis (SSTR3) or cytostasis (SSTRS).
Apoptotic signalling by SSTR3 requires molecular signals in the receptor C-tail.

The U.S. Army Medical Research and Material Command under DAMD17-96-1-6189
supported this work.
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hSSTR SUBTYPE-SELECTIVITY FOR CYTOTOXIC AND CYTOSTATIC
ANTIPROLIFERATIVE SIGNALING

C.B. Srikant, K. Sharma, M. Thangaraju, D. Liu, Y.C. Patel and S-H. Shen
Fraser Laboratories, Department of Medicine, McGill University and
Royal Victoria Hospital, Montreal, Quebec, Canada H3A 1Al
" * mdes@musica.megillca 77 © T

Somatostatin (SST) is a pluripotent hormone that regulates cell proliferatioil not only by
suppressing the secretion of mitogenic hormones but also by inhibiting their actions. SST
analogs exert cytotoxic action and induce apoptosis in estrogen-sensitive, but not estrogen-
insensitive, breast cancer cells. In tumors arising in other sites such as the pituitary, its
growth inhibitory action is cytostatic and elicits cell cycle arrest, but not apoptosis. Such
diverse effects may be due to the heterogeneity of expression of the five SST receptors
(SSTR) and signaling pathways in tumor cells. Cytostasis, which predominantly triggers
G, cell cycle arrest, can be caused by the retinoblastoma gene product Rb, the tumor sup-
pressor protein p53 or the proto-oncogene product c-Myc. p53 and c-Myc inhibit cell cycle
progression in presence of growth factors, but promote apoptosis in their absence. p53
induced G, arrest requires induction of cyclin-dependent kinase inhibitor p21™"“¥
whereas apoptosis requires induction of Bax. In order to define the molecular mediators
that regulate cytotoxic and cytostatic actions of SST, we investigated the involvement of
these cell cycle modulators in SSTR subtype-selective antiproliferative signaling in CHO-
K1 cells stably expressing individual hSSTRs 1-5. Our findings have demonstrated that
apoptosis is signaled uniquely through hSSTR3 and is associated with the induction of wt
p53 and Bax. Induction of wt p53 by SST occurs rapidly and precedes the onset of apopto-
sis, is not associated with induction of p21%*"“?' or c-Myc and does not invoke G, arrest.
Moreover, hSSTR3-signaled apoptosis was associated with caspase-8-mediated intracellu-
lar acidification since prevention of acidification by pH clamping blocked SST-induced
apoptosis, but not caspase-8 activation. By contrast, acting via the other four hSSTRs, SST
induced Rb in its hypophosphorylated form and triggered G, arrest. The relative efficacy of
these receptors to initiate cytostatic signaling was hNSSTR5>hSSTR2>hSSTR4~hSSTRI. A
marginal increase in p21V*"“?! was also observed in hSSTRS expressing cells. hSSTR3-
mediated cytotoxic and hSSTRS5-medited cytostatic actions of SST are tyrosine phospha-
tase SHP-1-mediated suggesting that diversification of subtype-selective signaling occurs
distal to SHP-1. C-tail truncation mutants of hSSTRS displayed progressive loss of anti-
proliferative signaling proportional to the length of deletion. These novel findings provide
a rational basis for exploiting the cytotoxic and cytostatic actions of SSTR subtype-
selective agonists in cancer therapy.

The U.S. Army Medical Research and Materiel Command under DAMD17-96-1-6189
supported this work.
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APOPTOTIC SIGNALLING BY SOMATOSTATIN RECEPTOR TYPE 3
(SSTR3) REQUIRES MOLECULAR SIGNALS IN THE RECEPTOR C-
TAIL.

M Rocheville *, U Kumar !, L Semaan !, R Sasi !, C B Srikant !, S Khare !, M
Chan ! and Y C Patel !. (Sponsored by Yogesh C. Patel) 'Fraser Laboratories, Dept.
of Medicine & Pharmacology and Therapeutics, McGill University & Royal
Victoria Hospital, Montreal, Quebec, Canada.

Somatostatin (SST) acts through a family of five G protein coupled receptors
(SSTR1-5) to inhibit the proliferation of normal and tumour cells. In CHO-K1 cells
individually transfected with SSTR1-5, we have previously reported that activation
of SSTR1,2,4,5 induces cell cycle arrest (SSTRS > 2 >4 > 1) whereas SSTR3
uniquely triggers apoptosis. Complementary experiments to test the effect of
antisense blockade of individual endogenous SSTRs on cell proliferation of MCF7
breast cancer cells (which express SSTR1,2,3,5) confirmed the relatively high
potency of SSTR3 and SSTRS in inducing antiproliferation. Treatment with
selective nonpeptide agonists for SSTR1-5 (provided by Merck) documented the
potent effect of the SSTR3-selective agonist L-796778 in inducing apoptosis. To
characterize the structural determinants of SSTR3-dependent apoptosis, we
conducted mutational analysis of the role of the cytoplasmic C-tail of hSSTR3 in
inducing apoptosis with the following mutants: (i) deletion of the hSSTR3 C-tail
(R3A C-tail); (11) introduction of a palmitoylation motif in hSSTR3 C-tail (Palm R3)
. SSTR3 is the only SSTR whose C-tail does not possess a palmitoylation anchor
shown in other receptors to be important in receptor function. (iii) Chimeric
hSSTR3/hSSTRS receptor substituting the C-tail domain of hSSTR3 with that of
hSSTRS (R3/R5-C-tail chimera). Wild type (wt) and mutant SSTR3 were stably
expressed in HEK cells cultured with or without SST-14 (1 uM). Cell numbers were
monitored by MTT assay and apoptosis by TUNEL and HOECHST assays. Like wt
hSSTR3, the mutant receptors were functionally coupled to inhibition of adenylyl
cyclase measured as dose-dependent inhibition of forskolin-stimulated cAMP by
SST-14. Maximum cAMP inhibition at 1 uM SST-14 was 45 + 2% for wt hNSSTR3,
50 + 3% for R3-A-C-tail, 23 + 4% for Palm R3, 63 + 4% for R3/R5-C-tail chimera.
Compared to nontransfected HEK cells, wt hSSTR3 cells treated with SST-14
showed 56 + 8% inhibition of cell growth at day 4. TUNEL and HOECHST assays
at day 2 revealed 20-30% apoptotic cells. The R3A-C-tail and Palm R3 mutants
displayed marked attenuation of the ability to inhibit SST-14 induced cell growth
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(39 £ 12% and 27 + 8% respectively of the maximum response of wt hSSTR3).
Deletion of the C-tail of hNSSTR3 (R3A C-tail) or substitution of hSSTR3 C-tail with
that of hSSR5 (R3/R5-C-tail chimera) abrogated the cytotoxic property of hRSSTR3.
Conclusions: SSTR3 and SSTRS are the principal antiproliferative subtypes and
differentially induce apoptosis (SSTR3) or cytostasis (SSTRS5). Apoptotic signalling
by SSTR3 requires molecular signals in the receptor C-tail.
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MULTIPLE SOMATOSTATIN RECEPTOR SUBTYPES (SSTRs)
CAN INDUCE APOPTOSIS THROUGH FORMATION OF HETERO-
OLIGOMERS WITH SSTR3 .

Rocheville M*! | Kumar U', Patel RC?, Patel YC!

'Fraser Labs, Departments of Medicine and Pharmacology and Therapeutics,
Royal Victoria Hospital and McGill University, Montreal, Canada and 2 De-
partment of Physics and Chemistry, Clarkson University, Potsdam, New
York, USA

Somatostatin (SST) induces variable apoptosis in tumor cells. When
hSSTR1-5 are studied as monotransfectants in CHO-K1 cells, hSSTR3 is the
only subtype that induces apoptosis. Since tumor cells endogenously express
muitiple SSTRs and often all five isoforms in the same cell, and since
SSTRs are capable of forming functional hetero-oligomers with other family
members, we wondered whether SSTRs other than SSTR3 could induce
apoptosis through hetero-oligomerization with SSTR3. We selected for
study MCF-7 human breast cancer cells which we showed by
immunocytochemistry and RT-PCR to express SSTRI, 2, 3, 5 but not
SSTRA4. Cells were treated for 24-48 h with 10°-107 M subtype-selective
nonpeptide agonists (obtained from Merck). Apoptosis was assessed by
TUNEL and Hoechst 33258 staining, as well as DNA fragmentation analysis
by gel electrophoresis. Agonists for SSTR1, 2, 3, 5 each produced time- and
‘dose-dependent apoptosis with the following rank order SSTR1 (25 + 3%),
SSTR2 (23 + 4%), SSTR3 (18 + 5%), SSTRS (18 + 4%) whereas the SSTR4
selective agonist was without effect. Treatment of MCF-7 cells with
antisense oligonucleotides to hSSTR3 (10 pg/ml) for 2 days prior to
treatment with SST analogs abrogated apoptotic cell death induced by
SSTR1,2,3, and 5. This effect was not seen with sense SSTR3
oligonucleotide. In light of our recent finding that SSTRs can signal directly
on the membrane through hetero-oligomerization, the differential ability of
SSTR1,2, and 5 to induce apoptosis when coexpressed with SSTR3, but not
when expressed as a monotransfectant, suggests that SSTR3 is an obligatory
receptor for SST-induced apoptosis, and that other SSTR subtypes can also
induce apoptosis through hetero-oligomerization with SSTR3.
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CYTOTOXIC AND CYTOSTATIC ANTIPROLIFERATIVE ACTIONS
OF SOMATOSTATIN

Srikant, C B1*, Sharma, Kl, Thangaraju ML, Liu D!, Martino Gl, Patel YC
1 Shen S-H2

1Fraser Laboratories, Department of Medicine, McGill University and Royal
Victoria Hospital, Montreal, Quebec, Canada H3A 1A1L; 2Pharmaceutical
Sector, NRC Biotechnology Research Institute, Montreal, PQ, Canada H4P
2R2.

Somatostatin (SST) is a pluripotent hormone that regulates cell proliferation
by suppressing the secretion of mitogenic hormones and by directly
inhibiting cell growth. The direct antiproliferative action of SST analogs in
cancer cells can trigger apoptosis (cytotoxic effect) or cell cycle arrest
(cytostatic effect). The retinoblastoma gene product Rb or the tumor
suppressor protein p53 can promote growth arrest. The latter inhibits cell
cycle progression when growth factors are present but facilitates apoptosis in
their absence. Gy cell cycle arrest requires inhibition of cyclin-dependent
kinases (cdk) whereas apoptosis requires induction of Bax. In order to define
the molecular mediators that regulate cytotoxic and cytostatic actions of
SST, we investigated the involvement of these cell cycle modulators in
SSTR subtype-selective antiproliferative signaling in CHO-K1 cells stably
expressing individual hSSTRs 1-5. Our findings have established that SST
induces apoptosis uniquely through hSSTR3 while it triggers G1 arrest via
other subtypes (hSSTR5>hSSTR2>hSSTR4~hSSTR1). hSSTR3 signaled
apoptosis is associated with the induction of wt p53 and Bax as well as
caspase-8-mediated intracellular acidification. These events precede
mitochondrial changes associated with apoptosis. By contrast, its inhibition
of cell cycle progression via the other hSSTRs was shown to be due to the
induction of Rb in its hypophosphorylated form as well as cdk inhibitors of
the p21 family. Both cytotoxic and cytostatic actions of SST are mediated
via the tyrosine phosphatase SHP-1 suggesting that diversification of SSTR
subtype-selective antiproliferative signaling occurs distal to SHP-1. These
data provide a rational basis for exploiting the cytotoxic and cytostatic
actions of SSTR subtype-selective agonists in cancer therapy.
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